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CHAPTER 1. GENERAL INTRODUCTION 
Advances in the ability of scientists to measure and monitor soil processes and 
properties often precede the formation of greater understanding of soil processes. As this 
greater understanding develops it leads to the identification of improved practices for 
utilizing and conserving soil and water resources. A strong relationship exists between our 
ability to quantify, to understand, and to wisely manage soil properties and processes. The 
purpose of this dissertation is to develop and evaluate heat pulse techniques for 
nondestructive measurement of soil properties and processes. A heat pulse sensor is a sensor 
that can be used to introduce a controlled pulse of heat into the soil and to monitor the 
resulting temperature increases. An appropriate heat transfer model is fitted to the measured 
temperature increase data in order to yield estimates of the soil property or process of 
interest. Three distinct applications of heat pulse sensors for measuring soil properties and 
processes are evaluated. 
Dissertation organization 
The dissertation is organized around three distinct topics. The first topic is 
developing and evaluating a heat pulse method for measuring soil water flux. This topic is 
addressed in the journal papers that constitute Chapters 2 and 3. The second topic is 
evaluating a heat pulse method for monitoring soil water content in the field. This topic is 
addressed in the journal paper that constitutes Chapter 4. The third topic is evaluating a heat 
pulse method for monitoring near-surface soil heat capacity in the field. The third topic is 
addressed in the journal paper that constitutes Chapter 5. 
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Literature review 
This dissertation builds on a foundation laid by previous researchers. The excellent 
mathematical analysis of conduction of heat in solids presented by Carslaw and Jaeger 
(1946) laid the theoretical groundwork for the development of heat pulse sensors. Then, de 
Vries (1952) introduced the cylindrical probe method for measuring soil thermal 
conductivity. This probe consisted of a single needle containing an electrical resistance 
heater and a temperature sensing element. The cylindrical probe method became widely used 
and accepted as providing accurate thermal conductivity measurements (Abu Hamdeh and 
Reeder, 2000; Ghuman and Lai, 1985; Horton and Wierenga, 1984; Yadav and Saxena, 
1977). A method for using a multi-needle heat pulse sensor to determine soil thermal 
diffusivity, conductivity, and heat capacity was proposed by Larson (1988). With a multi-
needle sensor, the heat pulse is applied with one needle, and the resulting temperature 
increase is measured by the other needle(s) a short distance away. The Larson (1988) 
approach relied on matching the measured data to type curves and has not seen wide-spread 
use, but the idea of using multi-needle heat pulse sensors for soil measurements has proved 
fruitful. Campbell et al. (1991) presented a two needle heat pulse sensor for measuring soil 
heat capacity. They showed that a theoretical result for instantaneous heating of an infinite 
line source from Carslaw and Jaeger (1959) predicted a simple inverse relationship between 
the soil heat capacity and the maximum temperature increase recorded by the sensing needle 
6 mm away from the heater. 
Since the work of Campbell et al. (1991), the utilization of heat pulse sensors by soil 
scientists has become more widespread. Bristow et al. (1994) showed that soil thermal 
conductivity, thermal diffosivity, and volumetric heat capacity could all be determined 
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accurately using the sensor of Campbell et al. (1991) if short-duration heat pulse theory 
rather than instantaneous heat pulse theory was used. This was followed by the development 
of a numerical curve-fitting routine for determining the soil thermal properties from heat-
pulse data (Welch et al., 1996). Utilizing these advancements in the analysis of heat pulse 
data, Ochsner et al. (2001a) measured and reported the variation of thermal conductivity, 
thermal diffusivity, and volumetric heat capacity with water content and bulk density for 
three soils. Accurate simultaneous determination of these three soil thermal properties was 
not possible with previous techniques. 
Heat pulse sensors have also been successfully combined with time domain 
reflectometry (TDR) technology which allows for determination of soil electrical properties 
and water content. Baker and Goodrich (1987) and Noborio et al. (1996) independently 
developed sensors that combined heat pulse and TDR technologies. Ren et al. (1999) 
developed an improved sensor, called a thermo-TDR, based on the work of Noborio et al. 
(1996). Ren et al. (1999) demonstrated that the thermo-TDR sensor was able to 
simultaneously measure soil thermal properties, water content, and electrical conductivity. 
Ochsner et al. (2001b) further demonstrated that the thermo-TDR sensor could be used to 
determine soil water content, bulk density, air-GHed porosity, and degree of saturation, 
simultaneously. 
The use of heat pulse sensors to measure water flow in soil has also been proposed. 
Early work on applying a thermal technique for measuring soil water flow was conducted by 
Byrne et al. (1967; 1968). The steady state line and point heat source instruments they 
developed were responsive to water flow and demonstrated the potential for heat pulse 
sensors to measure soil water flow. However, problems with calibration limited the utility of 
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the sensors. Kawanishi (1983) subsequently developed a steady state thermal sensor for soil 
water flow building on the line source approach of Byrne et al. (1968), replacing the solid 
body probe with a three needle probe. This sensor resulted in good agreement between 
measured and theoretical temperature differences in fine sand for water fluxes ranging from 
0.2 to 0.8 cm h"'. Melville et al. (1985) presented the results of a laboratory investigation of a 
point source instrument that used a heat pulse rather than continuous heating. They noted the 
proportionality between the water flow rate and the maximum downstream minus upstream 
temperature difference. With their instrument calibrated in saturated glass beads at a flow 
rate around 8 cm h"\ their theory led to small over-predictions of the maximum temperature 
difference at 20 and 44 cm h"1 in those same glass beads. Also, the time to the maximum 
temperature difference was seriously underestimated by the theory. 
The work of Ren et al. (2000) gave further impetus to the application of the heat pulse 
technique for measuring soil water flux. The sensor, a thenno-TDR probe (Ren et al., 1999), 
was a three needle sensor like that of Kawanishi (1983) but roughly one half the size. A 15-s 
heat pulse was introduced in the soil and the downstream and upstream temperature increases 
were recorded. Following the approach of Melville et al. (1985), a theoretical relationship 
between maximum dimensionless temperature difference (MDTD) and water flux was 
developed. With laboratory tests and with theoretical analysis, Ren et al. (2000) 
demonstrated that MDTD increases approximately linearly with increasing Kfbr F< 36 cm h" 
'. However, the theory over-predicted the measured MD7ID, and the over-prediction 
increased as the flux increased. In general, heat pulse sensors have shown good potential for 
measuring soil water flux; however, the utilization of this approach has been hindered by the 
complicated form of the theoretical relationship between instrument response and soil water 
5 
flux, by unexplained discrepancies between theory and measurements, and by experimental 
verification for only a limited range of water flux. Chapter 2 describes the development of a 
simple new theoretical relationship between the instrument response and the soil water flux. 
Chapter 3 presents the results of laboratory tests of the heat pulse method for measuring 
water flux over a wide range of fluxes and addresses the discrepancy between the standard 
theory and the measurements. 
Bristow et al. (1993) demonstrated that heat pulse sensors could be used to determine 
soil water content and changes in soil water content, as suggested by Campbell et al. (1991). 
Several other researchers including Tarara and Ham (1997), Song et al. (1998; 1999), Bremer 
et al. (1998), Campbell et al. (2002), and Basinger et al. (2003) have since tested the heat 
pulse method for measuring soil water content in the laboratory and greenhouse and have 
utilized the method in the field. However, the results of a careful comparison of the heat 
pulse method for determining soil water content to another accepted method in the Geld are 
yet to be reported. Chapter 4 presents the results of such a comparison. 
Another important application of heat pulse sensors has been in the area of soil heat 
flow studies. Ham and Knapp (1998) and Bremer and Ham (1999) used heat pulse sensors to 
monitor soil volumetric heat capacity and temperature of the surface soil beneath a prairie. 
These measurements facilitated the estimation of the change in heat storage in the surface 
soil and the soil heat flux. Theoretical analysis by Philip and Kluitenberg (1999) showed that 
heat pulse sensors can provide accurate determinations of soil thermal properties so long as 
the distance from the soil surface to the sensor was no less than the distance between the 
heating and sensing needles (commonly - 6 mm). This result gave a firm theoretical 
foundation to the use of heat pulse sensors for measuring soil thermal properties and heat 
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flow near the surface. However, the results of a careful comparison of the heat pulse method 
for determining near-surface soil thermal properties to another standard method in the field 
are yet to be reported. Chapter 5 presents the results of such a comparison. 
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CHAPTER 2. MATHEMATICAL ANALYSIS OF HEAT PULSE SIGNALS FOR 
SOIL WATER FLUX DETERMINATION 
A paper published in Water Resources Research* 
Quanjiu Wang, Tyson E. Ochsner, and Robert Horton 
Writing andfigure preparation primarily by Ochsner 
Abstract. Soil water flux is an important parameter in studies of runoff, infiltration, 
groundwater recharge, and subsurface chemical transport. Heat pulse sensors have been 
proposed as promising tools for measuring soil water fluxes. To date, heat pulse methods 
have required cumbersome mathematical analyses to calculate soil water flux from the 
measured data. We present a new mathematical analysis showing that a simple linear 
relationship exists between soil water flux and the natural log of the ratio of the temperature 
increase downstream from the line heat source to the temperature increase upstream from the 
line heat source. The simplicity of this relationship makes heat pulse sensors an attractive 
option for measuring soil water fluxes. In theory, this method is valid for fluxes with 
magnitudes between 10"* and 10"^ m s"\ The range of measurable fluxes is defined by 
temperature measurement resolution at the lower end and by the assumptions used in the 
analysis at the higher end. 
* Reproduced by permission of American Geophysical Union 
Wang, Q., T.E. Ochsner, and R. Horton, Mathematical analysis of heat pulse signals for soil 
water flux determination, fPbfer gjowr. J#, 1091, doi: 10.1029/2001WR1089,2002. 
11 
1. Introduction 
Many soil scientists, hvdrologists, and environmental scientists are interested in 
knowing the magnitude and direction of soil water flux (J) at a particular location. This 
interest arises from the major role of Jin processes such as infiltration, runoff, and 
subsurface chemical transport. Jean vary widely in time and space depending on the soil 
and environmental conditions. This variability makes modeling J difficult. In some cases, 
measuring J directly would be a more attractive option than modeling J; however, few 
practical techniques for measuring J in situ are available. 
ef a/. [1967] and Byrne gf a/. [1968] introduced the idea of using heat as a 
tracer to measure J. Their instruments measured distortion of the steady-state thermal field 
around point and line heat sources. Melville et al [1985] performed a laboratory 
investigation of the effectiveness of a similar device for measuring groundwater flow. 
Complications, primarily related to instrument calibration, limited the effectiveness of the 
instruments used by Byrne et al. [1967], Byrne et al [1968], and Melville et al [1985]. 
Building on the work of Byrne et al. [1967], Byrne et al. [1968], and Melville et al. 
[1985], Ren et al [2000] developed an improved heat pulse technique to measure J. The 
probe used by /fen ef aZ. [2000] consisted of three stainless steel needles embedded in a 
waterproof epoxy body. The needles were parallel, aligned in a common plane, and 
separated by approximately 6 mm. The exposed length of the needles was 4 cm. The center 
needle contained a resistance heater, and the outer two needles contained thermocouples. 
The probe was embedded in a soil column through which a constant J was established. This 
experimental set-up is depicted in Figure 1. Electrical current was passed for 15 s from an 
external power supply through the resistance heater in the center needle, creating a heat 
12 
pulse. Heat transfer away from the center needle occurred via conduction and convection. 
The resulting temperature increase at the thermocouples in the two outer needles was 
measured and recorded by an external datalogger. The convection of heat by the flowing 
water resulted in a larger temperature increase downstream from the heat source than 
upstream from the heat source. 
Ren et al. [2000] developed an analytical solution of the appropriate heat transfer 
equation and showed that the solution could be used to calculate J from the difference 
between the measured temperature increases at the downstream and upstream needles, if the 
thermal properties of the soil were known. A disadvantage of the Ren et al. [2000] solution 
is that it contains an integral that requires numerical integration. _K7w;fgM6erg 
[2001] improved the evaluation procedure by converting the equations into the well function 
for leaky aquifers and by using an infinite series to approximate the well function. Although 
the improved method eliminates the need for numerical integration, it still is inconvenient to 
analyze the relations among variables and to estimate J, because the infinites series is quite 
complicated. In this paper we analyze the heat pulse signal in a new way with the goals of 
clarifying the relationships between the variables in this heat transfer problem and 
simplifying the procedure for calculating J from heat pulse measurements. 
2. Theory 
2.1 General solution for the heat transfer equation 
The heat transfer equation utilized in the heat pulse method of Ren et al. [2000] is 
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ar 
= a a^r a^r 
-V ar (1) 
where T is temperature increase (°C), t is time (s), a is the soil thermal diffusivity (m2 s"1), 
and % and _y are space coordinates. F is defined as 
F = /pc = /pc (2) 
where ^is the soil volumetric water content (m^ m""*), F*, is the pore-water velocity (m s"'), 
pc is the volumetric heat capacity of the soil (J m"3 "C"1), and (pc)i is the volumetric heat 
capacity of water (J m"^ °C"'), 
gf aZ. [2000] presented a solution for Eq. (1) corresponding to a heat pulse 
produced by an infinite line source in an infinite, homogeneous, porous media through which 
water is flowing uniformly 
r' 
7%x,:y,f) = 
4^1 
j exp 
v 
^ exp 
4oa 
4oy 
dk 0 < t < t. 
t > tr 
(3) 
(4) 
where ^ is the heating power (W m"^), fg is the heat pulse duration (s), and where A= a/xr is 
the thermal conductivity (W m°C"'). This solution is based on the assumption that 
conductive heat transfer dominates over convective heat transfer. In other words, local 
thermal equilibrium between the liquid and solid phases is always maintained. 
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Correspondingly, the temperature increase at a distance (m) directly downstream 
from the line source is 
r> 
7X0 = 
4^ 
f 
^ exp 
0 V 4<z$ 
2 \ 
ck 0 < t < tr 
7^(0 = 
4^x1 
r' f 
exp 
4<as 
y 
2 X 
ds t > t. 
(5) 
(6) 
y 
and the temperature increase at a distance (m) directly upstream from the line source is 
71(0 = 
4%& 
f ' exp 
4w 
(6 0 < t < t„ (7) 
rl 
7:(o= 
4wl 
f exp 
J i-u V 
(X + 
4o% 
2 \ 
ds t > tf (8) 
Figure 2 shows typical temperature increase versus time curves generated using Eqs. (5) 
through (8). 
2.2. The difference of downstream and upstream temperature increases 
Ren et al [2000] chose to focus their analysis on the dimensionless temperature 
difference (DTD) defined by 
jro.W.-r.) 
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This time-dependent temperature difference is a function of g, and the thermal 
properties of the soil. Figure 3a shows the heat pulse signal of Fig. 2 converted to DTD. The 
maximum value of the DTD (MDTD) is given by 
MD7D = J 'xexp 
4a; 
-exp 
(*. + vs f  
Aas 
(10) 
where is the time at which DTD reaches a maximum. By evaluating Eq. (10) for F on the 
order of 10"^ m s"\ ef oZ. [2000] found a nearly linear relationship between F and MDTD. 
When the soil thermal properties are known, the V necessary to produce the measured MDTD 
can be found using Eq. (10). F can then be converted to J using Eq. (2). 
23. The ratio of downstream and upstream temperature increases 
The solution described by Eqs. (5) through (8) contains various integrals over time, 
and it is difficult to evaluate the integrals in order to deduce exact equations describing the 
temperature variations. By taking the partial derivative of temperature with respect to time, 
however, we can eliminate the integrals. Differentiating Eq. (5), (6), (7), and (8) using 
Leibnitz's Rule we find 
27X0 
4%&f 
exp 
4<zf 
0 < t < t r  (11) 
ar/f) 
dt  4%& 
1 
-exp 
t \ 4of t  — t ,  
-exp '  (x,-F(f-U)^ 
4#-fo) t>t(, (12) 
27X0 
4^lf 
exp 
4of 
0 < t < t n  (13) 
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4ad, 
1 
-exp 
t 
( + M) 2 \ 
y  f - f o  
-exp 
4#(f-f„) o/ y 
t>t. (14) 
Now dividing Eq. (11) by Eq. (13) for the heating period gives 
^ = ex/ 
ar„(f) 0 < t < t .  (15) 
When = %o, Eq. (15) becomes 
^(0 
a7L(0 
= exp 
v « y 
0 < t < t. (16) 
Likewise, dividing Eq. (12) by Eq. (14) for the time after the heating period gives 
exp 
1 1 
+ 2Mr(%j +%u)^  
4af 
t t — t. 
-exp ~Xj t Q  + V
2 t t 0 ( t  - t 0 )  
W(f-fo) 
1 1 ^~ x\ t0 + ~ t ù 
W(f-fo) t t — t, exp 
t > t. 
(17) 
When %(/ = %«=Eq. (17) becomes 
a^(f) 
3r,(f) exp r > L 
(18) 
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Equations (16) and (18) indicate that the ratio of the time derivatives of the temperature 
increases at the upstream and downstream locations is only a function of V, xo, and a and is 
independent of time when Xd = xu = XQ. Now, integrating Eq. (16) from 0 to t (t < to) and 
integrating Eq. (18) from f# to f (f > fo) gives 
r 
= exp 
V « V 
(19) 
Equation (19) demonstrates that when Xd - xu = xq the ratio of the downstream temperature 
increase to the upstream temperature increase (7I/7L) is independent of time. (An alternative 
derivation of Eq. (19) based on the equations of Kluitenberg and Warrick [2001] is possible.) 
When % = is only a function of % and a, and, unlike MDTD, is independent 
of g, and A. Figure 3b shows the heat pulse signal from Fig. 2 converted to TyZL -
When ^ is time dependent but approaches a constant value. In fact, as f —» 
oo Eq. (17) approaches the simple limit 
Ii 
T 
= exp 
2a 
(20) 
The ratio of derivatives on the left hand side of Eq. (17) has been replaced by the ratio 
using L'hôpital's rule. Logically, the xq in the exponential term of Eq. (19) is replaced by the 
arithmetic average of the distances and when % ^  
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2.4. Time corresponding to the maximum temperature increase 
Next, we consider the time corresponding to the maximum temperature increase at the 
upstream and downstream positions. The temperature versus time curves produced using the 
method of ef aZ. [2000] exhibit a global maximum, and the functions of temperature with 
time described by Eq. (6) and (8) are differentiable for f > fo. Therefore, Eq. (12) and (14) 
should equal zero at the time corresponding to the maximum temperature increase. Let be 
the time corresponding to the maximum temperature increase at the downstream position, 
and let tu be the time corresponding to the maximum temperature increase at the upstream 
position. Setting Eq. (12) equal to zero and rearranging gives 
^  - f o  
exp ^-(%d -PXCf -fo))^ ^ 
4a(f„ -U 
exp 
4af^ 
(21) 
Further rearrangement yields the following expression 
K ' = ^ l n  ^  -^0 + • 
\ ld J 
(22) 
Following the same procedure Eq. (14) becomes 
V2 = —In + -
\ a / 
(23) 
Eqs. (22) and (23) reveal that the time corresponding to the maximum temperature increase 
at upstream and downstream positions is a function of to, V, a, and the distance from the 
heater. Furthermore, Eq. (22) and (23) must be equal; therefore, % = when % = 
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2.5. Parameter estimation methods 
The key parameters in the heat transfer equation are F and a. The preceding analysis 
facilitates direct methods to estimate these parameters from heat pulse data. If a is known 
(by prior measurement for example) and if % = then F can be calculated from measured 
temperature increase data by rearranging Eq (19) to get 
a . T, 
F = (24) 
Interestingly, this equation derived for pulsed heating of an infinite line source is identical to 
an equation derived by Marshall [1958] based on instantaneous heating of an infinite line 
source. If a is known and then F can be calculated by using the measured value of 
in Eq. (22) or the measured value of in Eq. (23). Alternatively, Eq. (20) may be used if the 
ratio T/Tu reaches a constant value during the measurement period. 
If both F and a are unknown and if % = then Eq. (24) may be used together 
with Eq. (22) or (23) to estimate the two parameters. For example, combining Eq. (22) and 
Eq. (24) and rearranging gives 
V 
a^ 
4. 
-a—In 
t, 
o = 0 (25) 
Now, or may be determined by finding the positive root of Eq. (25), and the result can be 
used in Eq. (24) to estimate F. If both F and a are unknown and % * then a is found by 
setting Eq. (22) equal to Eq. (23) and rearranging to give 
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'0 
a = — 
(26) 
The a calculated using Eq. (26) can be used in Eq. (22) or (23) to find F. 
Once V is calculated using one of the procedures above, Eq. (2) can be used to 
calculate V, assuming is known. The thermal properties pc and a can be measured 
directly under no-flow conditions using the heat pulse method of Zfrwfow/ ef a/. [1994]. 
Alternatively, pc can be estimated based on # and the soil bulk density. 
3. Discussion 
One goal of this new analysis was to clarify the relationships between the key 
variables in the heat pulse technique for measuring V. We will now discuss four interesting 
relationships revealed by this new analysis and some implications of the relationships. First, 
Eqs. (19) and (20) reveal that TyZl, is a function of a single dimensionless number, 
which is the Peclet number. This number is the ratio of convective heat transfer to 
conductive heat transfer. Figure 4 shows MD7Y) and In (TyZ^) as functions of The 
slope of the MD7D versus relationship depends on the values of %o, a, fp, g, and A, but 
the slope of In (ZyZL) versus should always equal one as long as conduction is the 
dominant mechanism of heat transfer. For computing the results in Fig. 4, xo - 0.006 m, a= 
6.00 x 10"^ m^ s"\ fg= 15 s, g = 50 W m"\ and A = 1.8 W mK"' were used. For reference, 
« J 
4 In -^o) ^ ^ 
-fo) ( U  J  
21 
Table 1 shows the relationship between K, and J for a typical situation where = 
0.006 m, a= 6.00 x 10'^ m^ s'% = 3.00 x 10* J K'\ and (pc)/ = 4.17 x 10* J K \ 
In formulating the general solution to Eq. (1) we have assumed that conduction is the 
dominant mechanism of heat transfer. As mentioned previously the Peclet number, , is 
the ratio of convective heat transfer to conductive heat transfer. Clearly, for conduction to be 
the dominant mechanism of heat transfer, we must have Vx(/a < 1 (or T/Tu < 2.72) [Melville 
et al, 1985]. This condition clarifies the theoretical upper limit on the magnitude of V 
measurable with a given heat pulse probe geometry. For example, a typical heat pulse probe 
with sensing needles spaced 0.006 m from the heater in a soil with a = 6 x 10"7 m^ s"' would 
need V < 1 x 10"4 m s"1 (36 cm h"1) to avoid violating the thermal equilibrium assumption. 
Furthermore, Eqs. (19) and (20) suggest minimum values of F measurable with a given heat 
pulse probe geometry. If the temperature measurement circuitry of the heat pulse probe in 
use has maximum resolution of 0.01 °C, if the heating power is selected to create a 1 °C 
temperature increase at the downstream position, and if the probe has sensing needles spaced 
0.006 m from the heater and is embedded in a soil with a= 6 x 10"7 m2 s"1, then the system is 
theoretically capable of measuring F> 1 x 10"* m s"' (0.36 cm h"^). If the temperature can be 
resolved to within 0.001 °C, the system is theoretically capable of measuring 1 x 10"7 m 
s"1 (0.036 cm h"1). These lower limits are nearly identical to the lower limits (V> 9 x 10"7 m 
s"1  and V> 9 x 10"8  m s"1)  est imated for the Ren et  al .  [2000] method. In theory,  increasing X Q  
would further decrease the lower limit of V measurable with the heat pulse technique. 
The second interesting fact about the heat pulse technique revealed by this new 
mathematical analysis is that whenever % = the maximum temperature increases at the 
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upstream and downstream positions occur simultaneously regardless of the magnitude of K 
This somewhat counterintuitive result is predicted by Eqs. (22) and (23). The heat pulse 
signal travels just as rapidly upstream as it does downstream; only the magnitude of the 
signal is decreased in the upstream direction. 
A third interesting fact revealed by this mathematical analysis is that when % * x„. 
is time dependent but approaches a constant value. In practice it is very difficult to 
construct heat pulse probes with exactly equal spacings from the heater to the upstream and 
downstream needles. Eq. (20) suggests that data from a heat pulse probe with slight 
differences between % and can still be analyzed in a simple manner. For example, 
consider a situation where % = 0.006 m,%„ = 0.0054 m (10% less than%), fo = 15 s, e= 6 x 
10"^ m^ s"\ and F = 2.5 x 10"^ m s"\ In this case, Eq. (20) predicts that when t —» oo, In 
(TyZL) -» 0.238. Numerical integration of Eqs. (5) through (8) indicate that In (Ty^,) is 
within 10% of this value after 128 s. In other words, at times greater than -2 minutes 
measured values of ZyZI, could be used in Eq. (20) to estimate K (or J) within 10%. As F 
increases or as the difference between Xd and xu decreases then the amount of time required 
for In (Zy^,) to reach within 10% of its asymptotic value decreases sharply. This result 
suggests that Eq. (20) can be useful when slight differences between % and are 
unavoidable. Two potential problems may arise when using Eq. (20) for long times. First, 
the magnitudes of 7% and 7* are decreasing with time, so the relative error in the temperature 
measurements may be greater at long times. Second, the solution we are using is based on 
the assumption of an infinite line source. This solution may not be appropriate at long times 
as the finite length of the heater may become important. AT/wzfenZigrg ef aZ. [1993] have 
shown that finite heater length effects can be significant for f > 2 min in the case of zero 
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convection. Further experimental data and theoretical analysis are necessary to evaluate the 
significance of these two potential problems in using Eq. (20) at long times. 
The fourth noteworthy finding of this mathematical analysis is a new insight into the 
relationship between MD7Z) and J. Jk/z ef a/. [2000] found a nearly linear relationship 
between MD7D and J for F on the order of 10"^ m s"% but they were unable to explicitly state 
the form of the relationship due to the complexity of their solution [Eq. (10)]. 
Hypothetically, the relationship might look like 
j = a-MDn) = a-—, (27) 
q 
where B is some unknown parameter that depends on xo, to, and a in an unclear manner. 
Now consider the relationship between J and Substituting Eq. (2) into Eq. (19) and 
rearranging gives 
2 f T \ 
J = : — 
X  
d 
T 
(28) 
Hence the ambiguous relationship between J and (7^-7L) in Eq. (27) can now be replaced by 
the simple, explicit relationship between J and in Eq. (28). The explicit form of Eq. 
(28) may make it very useful for designing and implementing calibration procedures for this 
technique. 
The second goal of our mathematical analysis was to simplify the procedure for 
calculating V from heat pulse measurements. We will now explain how we have met this 
goal. First, consider the case where the soil thermal properties are known (from prior 
measurement or from models). In this case, to calculate ./from heat pulse measurements 
using the ef aZ. [2000] equations requires a numerical integration routine coupled with a 
nonlinear regression routine. With these two routines one can solve for the ./required to 
produce the measured MD7Z). Using the awf PParrfcA [2001] equations requires 
a similar process except that the integral is replaced by an infinite series, so numerical 
integration is unnecessary. Due to the complexity of the infinite series, however, these 
calculations are still cumbersome. In contrast, V can be calculated directly by using Eq. (28) 
when or by using Eq. (20) or (22) or (23) together with Eq. (2) when % # These 
are all simple, explicit equations that can easily be evaluated using a hand calculator or a 
datalogger. Note that when Eq. (28) is used the only soil thermal property required to 
calculate J is /L 
Now, consider the second case where the soil thermal properties are not known a 
priori. In this case it is not clear that it is possible to calculate J using the gf a/. [2000] or 
Kluitenberg and Warrick [2001] equations. However, the results of our analysis show that 
we can gain some information from the heat pulse data even without a priori knowledge of 
the soil thermal properties. Eq. (25) can be used to calculate and Eq. (24) can then be used 
to calculate F when If % ^  then a can be calculated from Eq. (26), and then F can 
be calculated from Eq. (22) or (23). Once K is known, only an estimate of /%; is needed to 
calculate J. 
4. Conclusion 
/k/z ef a/. [2000] established a new method to estimate ./from heat pulse data using 
MD7D. That method has some disadvantages, however. One is that the calculation requires 
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numerical integration, which is not trivial and may induce some error. The series solution 
presented by _KZw#gn6grg and fParnct [2001] eliminates the need for numerical integration 
but is still quite complicated to use. The new analysis presented in this paper greatly 
simplifies the determination of J from heat pulse data compared with the procedures of Ren 
gf a/. [2000] and A3«ffg»6grg aw/ ffarnc* [2001]. Using Eq. (28) only three parameters (%o, 
A, and (pc)i) are needed to quickly calculate J from heat pulse data. 
A second disadvantage of the previous methods is that only a single data point, the 
MDTD, is used; therefore, the measurement accuracy of that single point will directly affect 
the calculated VL The new analysis presented in this paper enables an average value of 
over an appropriate time interval to be used with Eq. (19) or (20) to calculate F, which can be 
converted to J. This averaging can reduce the influence of measurement error in a single 
data point. If both F and a are unknown, then knowledge of 4/ or (when % = z») or both 
(when % ^  %„) is required to calculate the parameters. In this case, reliance on a single 
measurement point cannot be avoided. The previous methods do not provide any method to 
calculate V if a is unknown, however, so this new analysis is still an improvement. 
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Table 1. Example of the relationship between % and J* 
K J 
m s"1 
-1 
m s cm h"1 
0.001 1.00E-07 7.19E-08 0.03 
0.005 5.00E-07 3.60E-07 0.13 
0.01 1.00E-06 7.19E-07 0.26 
0.05 5.00E-06 3.60E-06 1.29 
0.1 1.00E-05 7.19E-06 2.59 
0.5 5.00E-05 3.60E-05 12.95 
1 1.00E-04 7.19E-05 25.90 
* Forxo =  0.006 m, a = ôxlO^m^s" ',/OC = 3x 
10* Jm'3 K"\ and (/%:)/ = =  4 .17xl0*Jm^K'.  
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V" U V-
~\7- • V. 
Upstream sensor 
Heater 
Downstream sensor 
1 cm 
Figure 1. Sketch of a heat pulse probe embedded in a soil column through which a steady, 
uniform water flux (J) has been established. 
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Figure 2. Theoretical heat pulse signal downstream (Ty) and upstream (7^) 
of the heater for V =  5 x 10"5 m s"1, a = 6 x  10"7 m2 s"1, A  =  1.8 W m"1 K"1, 
x0 - 0.006 m, q = 50 W m"1, and t0 = 15 s. 
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Time (s) 
Figure 3. Heat pulse signal from Figure 2 converted to DTD (a) 
and converted to (b) 
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Figure 4. MDTD and In(Td /Tu) as functions of Vxg /a for a - 6 x 10 7 m2 s"1, 
A = 1.8 W m"' K"1, xn = 0.006 m, q = 50 W m"', and tQ = 15 s. 
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CHAPTER 3. HEAT PULSE MEASUREMENTS OF SOIL WATER FLUX 
A paper to be submitted to Water Resources Research 
Tyson E. Ochsner, Robert Horton, Gerard J. Kluitenberg, and Quanjiu Wang 
ABSTRACT 
Soil water flux is an important parameter in many agricultural and environmental 
research endeavors, yet few techniques for measuring soil water flux in situ are available. 
The objective of this paper is to evaluate the heat pulse method for measuring soil water flux. 
We conducted heat pulse measurements of soil water flux in laboratory columns of disturbed 
sand, sandy loam, and silt loam soil. Water fluxes were calculated from the heat pulse data 
following both a temperature increase difference approach [Rem ef a/., 2000] and a 
temperature increase ratio approach [Wang et al., 2002]. These estimates of the water flux 
were compared to each other and to the water flux measured at the outlet of the columns. 
Both approaches yielded similar estimates of the water flux. However, the temperature 
increase ratio approach permitted simpler calculation of the water flux and more precise 
estimates of the water flux. The heat pulse method was less sensitive to water flow than 
predicted by the standard heat transfer model. A reduced convection model could accurately 
account for the measured data, but an enhanced conduction model could not. The results of 
this study suggest that with calibration the temperature increase ratio heat pulse approach 
proposed by fPang ef a/. [2002] can be used to accurately estimate soil water fluxes in the 
range of 0.1 to 40 cm h"\ 
Determining the rate of water movement in soil is one of the primary interests in 
vadose zone hydrology research. The rate of water movement in soil can vary by several 
orders of magnitude and is a principal variable controlling the soil water balance and solute 
transport in the soil. Measurements of soil water flow rates are often desirable but are not 
easily obtained. 
Scientists have developed a number of methods to measure soil water flow rates. The 
methods can be broadly grouped into two categories. The first category consists of direct 
measurements where the water flowing through the soil is diverted into a container of some 
sort permitting a direct measurement of the volume of water flowing out of a certain cross-
sectional area of soil. Gee e/ a/. [2002] developed a water fluxmeter that consisted of a funnel 
for intercepting water flow, a 60 cm capillary wick for supplying tension, and a tipping 
bucket device beneath the wick for measuring the flow rate. A 15 cm tall pipe above the 
funnel provided divergence control. This device successfully measured water fluxes ranging 
from 0.0007 to 0.01 cm h"1 in coarse sand. Brye et al. [1999] developed an equilibrium 
tension lysimeter designed to maintain equilibrium between the matric potential of the soil 
just above the lysimeter and the surrounding soil at the same depth. This design employs 
heat dissipation sensors [#eece, 1996] to monitor soil matric potential and an external 
vacuum pump to adjust the suction in the lysimeter accordingly. An integrated water flux 
measurement over the sampling interval is obtained by measuring the volume of water in the 
lysimeter. The Brye et al. [1999] design is similar to the design of van Grinsven et al. [1988] 
which relied on tensiometers to measure the matric potential. Earlier work on direct in situ 
soil water flow measurements was conducted by Gary who designed a flowmeter with 
thermocouple outputs [Cory, 1973]. Due to complications with design, calibration, or 
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installation, none of these direct soil water flow measurement techniques have yet been 
widely adopted. 
The second category of soil water flow measurements consists of indirect 
measurements of water flow based on measurements of the convective transport of heat. If 
the relationship between the convective transport of heat and the water flow rate is known, 
then the water flow rate can be determined. These thermal methods rely on solutions to the 
conduction—convection equation for heat transfer. For soil with water moving uniformly 
through it in the % direction, the conduction—convection equation can be written as 
ar 
— = a 
% ^8% 6y y 
- F —  (1) 
ôx 
.2 _-l where T is temperature (K), f is time (s), « is the soil thermal diflusivity (m s" ), F is the heat 
pulse velocity (m sand % and y are the spatial coordinates [MzraW/, 1958]. The heat 
pulse velocity is related to the soil water flux, by 
(2) 
where is the heat capacity of water and C is the heat capacity of the bulk soil (J mK"^). 
Early work on applying a thermal technique for measuring soil water flow was 
conducted by Byrne ef a/. [1967]. Byrne ef aZ. [1967,1968] developed steady-state point and 
line source instruments for introducing heat into soil and monitoring the resulting heat 
transfer. They also developed theoretical relationships for the difference between 
temperatures downstream and upstream of the heater. The temperature difference was a 
function of the water flow rate. For the point source instrument the theoretical relationship 
between temperature difference and water flow rate did not match the measured relationship. 
For the line source instrument the theoretical and measured relationships between 
temperature difference and water flow were not single-valued. Kawanishi [1983] further 
developed the line source approach of Byrne ef a/. [1968], replacing the solid body probe 
with a three needle probe. This sensor resulted in good agreement between measured and 
theoretical temperature differences in fine sand for water fluxes ranging from 0.2 to 0.8 cm h" 
AfgW/g gf a/. [1985] presented the results of a laboratory investigation of a point source 
instrument that used a heat pulse rather than continuous heating. They noted the 
proportionality between the water flow rate and the maximum downstream minus upstream 
temperature difference. With their instrument calibrated in saturated glass beads at a flow 
rate around 8 cm h"1, their theory led to small over-predictions of the maximum temperature 
difference at 20 and 44 cm h"1 in those same glass beads. However, the time to the maximum 
temperature difference was seriously underestimated by the theory. 
The work of Ren et al. [2000] gave further impetus to the application of the heat pulse 
technique for measuring soil water flux. The sensor, a thermo-TDR probe [TZgn gf a/., 1999], 
was a three needle sensor like that of Kawanishi [1983] but roughly one half the size. A 15 
second heat pulse was introduced in the soil and the downstream and upstream temperature 
increases were recorded. Those temperature increases are, in theory, described by the 
analytical solution to equation (1) for the case of pulsed heating of an infinite line source 
parallel to the z-axis and located at (%, ;y) = (0,0). That solution is 
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4#% 
4^>l 
f exp 
f exp 
(% - %?y + y 
4<%y 
ds 0  < t < t n  
(x-P^y + _y^ 
4 as 
f  > f n  
(3) 
(4) 
where T is the temperature increase (K), A is the soil thermal conductivity (W mK"^), ^ is 
the heating power (W m"'), f is time since the initiation of the heat pulse (s), and fo is the 
duration of the heat pulse (s) [Ren et al., 2000]. Following the approach of Melville et al. 
[1985], a theoretical relationship between maximum dimensionless temperature difference 
(MD7D) and water flux was developed. MD7Z> is defined by 
MDTD =—(%-%) (5) 
where T d  and T u  are the downstream and upstream temperature increases. Equation (4) 
reveals that the relationship between MD7D and water flux is 
r'm 
j <exp 
4oy 
exp 
4<z? 
(6) 
where is the time that the maximum temperature difference occurs (s), % is the distance 
from the heater to the downstream needle (m), and xu is the distance from the heater to the 
upstream needle (m). With laboratory tests and with numerical integration of equation (6), 
jfgfz gf of. [2000] demonstrated that MD7D increases approximately linearly with increasing 
K for F< 36 cm h. However, equation (6) tended to over-predict the measured MDZD and 
the over-prediction increased as the flux increased. The closest agreement between measured 
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and theoretical AfDZD was observed for sand with greater discrepancies for clay loam and 
sandy loam. 
A simplified method for analyzing the heat pulse data was developed by fPan# gf a/. 
[2002]. This simplified method was based on the ratio of the downstream temperature 
increase to the upstream temperature increase rather than on the MDTD. By manipulating 
equations (3) and (4) for the case of FFa/zg gf aZ. [2002] deduced the relationship 
f rp \ 
1 d 
J.J 
(7) 
where is the needle spacing (m). Equation (7) shows that the water flux is linearly related 
to In T/Tu. This new analysis is attractive because it is computationally simple, and it 
eliminates the need to know # and a to determine the water flux. However, if and are 
slightly different, the relationship in equation (7) is only approached asymptotically and 
some degree of error will be introduced by using the simplified analysis. 
The first objective of this research is to compare the In Td/Tu approach for 
determining soil water flux with the MD7D approach for determining soil water flux. The 
second objective of this research is to describe the relationship between the water flux 
measured using these heat pulse techniques and the true water flux through the soil. 
MATERIALS AND METHODS 
The three heat pulse sensors used in this study were based on the Ren et al. [1999] 
thermo-TDR design. The sensors consisted of three 1.3 mm diameter stainless steel tubes 
protruding 4 cm from an epoxy probe head and lying parallel in a common plane separated 
by 6 mm. The center tube contained an electrical resistance heater and the outer two tubes 
contained chromel-constantan thermocouples. 
The measurement system for the heat pulse sensors consisted of a datalogger (21x, 
Campbell Scientific Inc., Logan, UT), a thermocouple multiplexer (AMI 6/32, Campbell 
Scientific Inc., Logan, UT), a multiplexer for the heating circuits (AM416, Campbell 
Scientific Inc., Logan, UT), a lO current-sensing resistor (VPR5,0.1% tolerance, Vishay 
Resistors, Malvern, PA), a 0.5 amp direct-current relay (R42-1D.5-6, NTE Electronics, 
Bloomfield, NJ), and a direct current power supply (Model 1635, B & K-Precision, Maxtec 
International Corp., Chicago, IL). The measurement system was designed to perform 
measurements using one sensor at a time. The datalogger switched the multiplexer channels 
at the appropriate times and activated the relay to switch current to the heater. The current 
flowed from the power supply through the current sensing resistor to the heater, and the 
datalogger measured the voltage drop across the resistor to determine the current. The sensor 
was heated for 15 s. The temperatures of the downstream and upstream needles of each 
sensor were measured prior to heating and one time per second for 175 s after the initiation 
of heating. For each sensor the distances from the heater to the upstream and downstream 
needles were determined by performing heat pulse measurements with the sensor immersed 
in water stabilized with agar (6 g L"^) to prevent convection. 
To evaluate the heat pulse method for measuring water flux, we performed laboratory 
experiments with columns of sand (Hanlon series; coarse-loamy, mixed, superactive, mesic 
Cumulic Hapludolls), sandy loam (Clarion series; fine-loamy, mixed, superactive, mesic 
Typic Hapludolls), and silt loam soil (Ida series; fine-silty, mixed, superactive, calcareous, 
mesic Typic Udorthents). The particle size distribution, organic matter content, bulk density, 
and saturated hydraulic conductivity for each soil are listed in Table 1. The soils were air-
dried, ground, and sieved to pass a 2-mm screen. The air-dry soil was then packed into 10 
cm diameter, 20 cm long polyvinylchloride columns. During packing a heat pulse sensor 
was positioned 5 cm from the bottom of each column. The sensor was centered radially in 
the column, so the entire sensor body was surrounded by soil. The sensor leads exited the 
column through a hole in the side of the column. The plane of the sensor needles was 
vertical. The finished soil columns were 15 cm high, leaving 5 cm of the PVC column 
available for constant-head ponding of water on top of the soil. During the experiments a 
large Mariotte bottle was used to maintain a constant head at the top of the columns. At the 
bottom of the columns a perforated Plexiglas plate permitted outflow across the entire cross-
sectional area into a small water-filled chamber with a single outlet port. By changing the 
elevation of a water-filled Tygon tube connected to this outlet port, we were able to control 
the head drop across the column and the water flux. 
After packing the air dry soil into the columns, the columns were flushed with carbon 
dioxide to displace the ambient air in the soil pores and enhance subsequent saturation. 
Then, the soil columns were slowly saturated from the bottom with 5 mmol CaCl% solution. 
The solution also contained 0.06% formaldehyde by weight in order to reduce microbial 
activity over the course of the experiments. After the columns were saturated, the soil 
thermal properties were determined from heat pulse measurements under no-flow conditions 
[Bristow et al., 1994]. The thermal properties of the soils are listed in Table 2. The saturated 
soil columns were subjected to steady water fluxes ranging from 0.12 to 37.2 cm h"\ At each 
water flux, heat pulse measurements were obtained for each sensor four times. For each 
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column, the outflow was collected for 60 s and weighed to determine the average water flux. 
This outflow measurement was repealed three times for each column at each flux. 
The temperature increase versus time data from the heat pulse measurements was 
analyzed using the MD7D approach and the TyZL approach. The maximum value of the 
difference between the downstream and upstream temperature increases was converted to 
MD7D based on the thermal conductivity measured with no water flow and the measured 
heating power. The time at which this maximum difference occurred (tm) was also identified. 
A computer program (RENMETH) was developed for estimating the flux from the measured 
MDTD. This program implicitly solves a form of equation (6) for the heat pulse velocity 
based on known values of MDTD, f„, and or. The calculations are based on the 
work of aW fParrzct [2001]. The integral expression for AfDTD in equation (6) 
is re-written in terms of the well function for leaky aquifers, and a series approximation is 
used to evaluate the well function. The implicit solution is accomplished using the van 
Wijngaarden-Dekker-Brent iterative technique [Press et al, 1989], which is commonly 
referred to as Brent's Method. The tolerance for the root-finding algorithm was set to 10" .^ 
An initial estimate of the heat pulse velocity must be supplied by the user. After an estimate 
of the heat pulse velocity was obtained using the program, that value was converted to an 
estimate of the water flux based on the soil volumetric heat capacity measured with no water 
flow. 
For the In T/Tu approach, the temperature increase ratio was averaged over a 10 s 
period beginning 40 s after initiating the 15 s heat pulse. Since the upstream and downstream 
needles were not precisely equidistant from the heater, the temperature increase ratios 
asymptotically approached a constant value. Our experience showed that for the soils, 
sensors, and fluxes in this study the temperature increase ratios were near their asymptotic 
values by this time. At later times for large values of a and V, the upstream temperature 
increase can become too small to maintain acceptable precision. To estimate the flux based 
on Z/z ZyTL requires knowledge of x* and the soil thermal conductivity, which was 
determined with no flow. 
RESULTS 
Direct comparison of the AfDTZ) and 6% approaches for estimating flux 
The temperature increase difference data and temperature increase ratio data for the 
sand are shown in Figure 1. The temperature increase difference data in Figure la clearly 
show that as the water flux increases the maximum value of Td - Tu increases. This is 
consistent with the results of Melville et al. [1985] and Ren et al. [2000]. The temperature 
increase ratio data in Figure lb reveal that, after an initial transient phase, the value of 7^/7^, 
tends toward a constant, and that constant increases as the water flux increases. This 
behavior of Td/Tu is very interesting when one considers the transient nature of the applied 
heat pulse and of the quantities 7^ and 7L. The data in Figure lb support the theoretical 
prediction of constant 7^/7L by PPbfzg ef aZ. [2002]. 
The MD7Z) approach and the Z/z approach resulted in similar estimates of soil 
water flux (Figure 2). There is a strong one-to-one relationship between the flux estimated 
using In T/Tu and the flux estimated using MDTD. The slope of the linear regression line 
through all 124 data points in Figure 2 is 0.96 +/- 0.03 with a coefficient of determination (r^) 
of 0.98. The average difference between fluxes estimated using these two methods is 0.46 
cm h"\ indicating that on average the Ty^ ^)proach resulted in slightly higher flux 
estimates than the MDTD approach. 
Precision of the MDTD and /% 7^7^ approaches for estimating flux 
Both of these heat pulse methods for estimating water flux showed good precision. 
The In T/Tu approach resulted in more precise measurements of water flux than did the 
MDTD approach. At each imposed flow rate four repetitions of the heat pulse measurements 
were performed in each soil. The Tyr„ and MDTD approaches were used to estimate the 
flux for each of these four repetitions, and the standard deviation of the flux estimates were 
determined for each flow rate and each approach. The numbers in Table 3 are the average 
standard deviation of water flux estimates from the In T/Tu and MDTD approaches for 
different ranges of water flux. Generally, the standard deviation of repeated estimates of 
water flux is lower for the In TJTU approach than for the MDTD approach. The only 
exception is at fluxes greater than 10 cm hin the sand. At fluxes less than 10 cm h"% the 
standard deviation of repeated TYT^ water flux estimates is 0.07 cm haveraged across all 
three soils; for MDTD water flux estimates it is 0.24 cm h"\ There was a clear advantage of 
increased precision in using the approach for fluxes less than 10 cm h"\ 
The ZyTL approach will only result in less precision than the MDTD approach at 
high fluxes in soils with high thermal diffusivity. The high flux and thermal diffusivity lead 
to low values of 7%. As T^, becomes smaller, the sensitivity of the T^T^ approach to error 
in TL becomes larger while the sensitivity of the MDTD approach to error in T% stays 
constant. We hypothesize that adjusting the heat input, g, to maintain T^ - 0.8 K would 
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result in the Zn ZyTL flux estimates exhibiting greater precision than the MDTD flux estimates 
for the entire range of conditions in this experiment. 
The data from this experiment also serve to illustrate the low flow detection limits for 
water flux with this sensor design. Table 4 shows the lowest flux at which the heat pulse 
estimated flux was significantly larger than the heat pulse estimated flux at zero flow. A t-
test assuming equal variances [7&gwZe#, 1968] was used to identify significant differences 
between the mean of four heat pulse flux estimates in the presence of low water flow and the 
mean of four heat pulse flux estimates in the case of no water flow. The numbers in Table 4 
are the lowest values of true water flux at which a significant difference between the means 
existed. These numbers are estimates of the low flow detection limit of water flux for these 
conditions. The numbers in parentheses in Table 4 show the probability that the two means 
are not significantly different. The low flow detection limits range from 0.12 to 0.40 cm h"' 
and are similar for the In T/Tu approach and the MDTD approach. Converted to heat pulse 
velocities these low flow limits range from 4.6 x 10"7 to 1.5 x 10"* m s"\ PPong ef <zZ. [2002] 
estimated the theoretical low flow detection limits for heat pulse velocity to be between 1 x 
10"7 and 1 x 10"6 m s"1, and our measurements are consistent with that estimation. To put this 
flow into perspective, the water in the pores would travel on average 30 pm downstream 
during the measurement period for a flux of 0.12 cm h"^ in the silt loam. 
The Zn ZyiL approach and the MDTD approach yielded very similar estimates of the 
water flux; and since the In T/Tu approach is computationally much simpler, requires two 
fewer parameters, and generally results in more precise flux estimates, only the results from 
the Z» Tyn, approach will be considered further. 
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Accuracy of the 6% approach for estimating Qui 
For all three soils a very strong linear relationship exists between the measured and 
estimated water flux. Ideally, the plot of estimated versus measured flux would have a slope 
of one, but the experimental results show slopes of less than one for these three soils (Figure 
3). The actual slope and intercept from linear regression of the estimated versus measured 
flux for each soil are listed in Table 5, along with the standard error and coefficients of 
determination for the regression. The sand exhibits the largest slope (0.765) and the sandy 
loam exhibits the smallest slope (0.232). 
The strength of the relationship between the estimated and measured flux is indicated 
afw+V fkwv ô f y f  
by the r values in Table 5, which are nearly equal to one for all three soils. These high r 
values indicate that practically all of the variance in the estimated flux can be explained by a 
linear relationship between the estimated flux and the flux measured at the column outlet. 
The strong linear relationship between estimated and measured flux suggests that this heat 
pulse method has good potential for measuring water flux if accurate calibration can be 
achieved. 
The standard error values in Table 5 indicate that over the entire range of fluxes 
tested the precision of the estimated fluxes increase in the order: sand<sandy loam<silt loam. 
This is also the order of decreasing thermal conductivity. The precision of the flux estimates 
increases as the thermal conductivity decreases. This is as expected based on the analysis of 
PPang ef a/. [2002]. Their analysis showed that the Peclet number defined by 
pe ~ Vxo = 
a A 
(8) 
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indicates the ratio of convection to conduction heat transfer. As the thermal conductivity 
decreases, the relative significance of convective heat transfer increases, and the precision of 
the heat pulse method for estimating water flux increases. 
The non-zero intercepts in Table 5 result in part from the assumption that equation (7) 
is valid during the ten second sampling interval beginning at 40 s. In fact, equation (7) is 
accurate only as time goes to infinity for sensors with non-equidistant spacing between the 
upstream and downstream needles. The relative differences between the spacing of the 
upstream and downstream needles, are 0.030 for the sand, 0.024 for the sandy 
loam, and 0.050 for the silt loam. The intercepts in Table 5 increase in the same order as do 
these relative differences between the upstream and downstream needle spacings. 
DISCUSSION 
Previous related work has also shown discrepancies between measured heat transfer 
in porous media and that predicted by equation (1). In particular, the theoretical difference 
between downstream and upstream temperature increases is generally greater than measured. 
For example, ef of. [2000] found that theoretical values of MDZD were greater than 
measured values of MD7D with sand giving the closest agreement, followed by clay loam, 
and then sandy loam. The sand and the sandy loam soils used by .Ren ef a/. [2000] are the 
same soils used in the present study. Melville et al. [1985] found that standard heat transfer 
theory over-predicted the magnitude of the temperature difference between downstream and 
upstream positions and also predicted the maximum temperature difference would occur 
earlier than observed. The instruments of #yr%g ef a/. [ 1967] and ef af. [1968] also 
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exhibited smaller than predicted temperature differences between upstream and downstream 
positions. 
The linearity and strength of the relationship between estimated and measured water 
fluxes suggest that the form of equation (7) is correct, but also that some soil-specific 
correction factor is necessary. A correction factor can be introduced as follows 
where a and b are constants and S is the soil-specific slope of the linear regression between 
estimated and measured water flux (Table 5). Equation (10) forces one to one agreement 
between the water flux calculated using equation (9) and the measured water flux. 
Rearranging equation (9) and making use of equation (2) leads to 
(9) 
and 
a 1 (10) 
6 S 
— = exp 
I aa 
(i i) 
Equation (11) describes the temperature increase ratio predicted by a modified form of 
equation (1): 
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6T 
— Q.CC - 6 F —  ( 1 2 )  
âc 
Now if we choose a = 7/5" and 6 = 7, then equation (12) can be referred to as an "enhanced 
conduction" model. If instead we chose a = 7 and 6=5", then equation (12) can be referred 
to as a "reduced convection" model. Either way, the modeled temperature ratios and 
predicted fluxes will match the measured fluxes. However, the temperature increase versus 
time curves will be quite different depending on how the correction factor is chosen. 
We calculated temperature increase versus time curves for the enhanced conduction 
model and the reduced convection model and compared the results of each to our measured 
data. Figure 4 shows the comparisons between modeled and measured temperature signals 
for all three soils at the highest measured water flux where disagreement between the original 
model and the measured data was the greatest. Figure 4 clearly shows that the reduced 
convection model predicts temperature signals that agree with the measured data much more 
closely than the original model or the enhanced conduction model. 
The enhanced conduction model leads to marked under-prediction for the time of 
arrival of the peaks of the temperature signals. The time of peak arrival is inversely related 
to the effective thermal diffusivity (a-a), so any model that increases the value of the 
effective thermal diffusivity must lead to earlier predictions of the time of peak arrival. The 
enhanced conduction model can be rejected as a reasonable explanation for this measured 
data, and the disagreement between the original model and the measured data can be 
attributed to over-prediction of the effective convective transfer of heat around the sensor. 
Ebpmaw gf aZ. [2002] proposed that the theoretical over-prediction of MD31D 
observed by jgg/% gf aZ. [1999] was due to failure of equation (1) to account for thermal 
dispersion. In the model of gf a/. [2002], the effective thermal difïusivity is the 
sum of the thermal difRisivity of the bulk soil with no water flow and a hydrodynamic 
thermal dispersion term resulting from the heterogeneity of water velocities (speed and 
direction) within and between water-filled pores. Their model further proposes that the 
thermal dispersion is anisotropic, being greater in the direction parallel to the flow than in the 
transverse direction. Abpmaw gf a/. [2002] suggested measuring the temperature increase in 
the transverse direction in addition to the upstream and downstream measurements in order 
to account for the effect of thermal dispersion. Numerical simulation of the heat transfer and 
water flow using a model like HYDRUS-2D [Simunek et al, 1999] would then facilitate the 
determination of the true flux. 
The thermal dispersion model proposed by Hopmans et al. [2002] is a more elaborate 
form of the enhanced conduction model that increases the value of the effective thermal 
diffusivity as water flux increases. The thermal dispersion model must lead to earlier 
predictions of time of arrival of the peaks than does the original model shown in Figure 4. 
The original model accurately predicts the time of arrival of the temperature increase peaks, 
so the thermal dispersion model would, by definition, under-predict the time of arrival of the 
temperature increase peaks. Like the enhanced conduction model, the thermal dispersion 
model can be rejected as a reasonable explanation for these measured data. 
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CONCLUSION 
The results of this study lead to the conclusion that In T/Tu is a more effective 
indicator of soil water flux than is MD7%). Both approaches lead to similar estimates of soil 
water flux, but the Zrz TyZL approach exhibits greater precision, is computationally much 
simpler, and reduces the number of required parameters by two. The data from laboratory 
experiments with saturated disturbed soil columns reveal a strong relationship between the 
water flux measured at the column outlet and the water flux estimated using the In Td/Tu 
approach. This relationship is linear over the entire range of measured fluxes from 0.1 to 40 
cm h"1. To our knowledge, no other soil water flux measurement technique has exhibited a 
linear response range spanning more than two orders of magnitude. 
As in previous studies, the effect of soil water flux on the measured temperature 
signals was over-predicted by the standard theory. We found that a previously proposed 
hypothesis attributing the over-prediction to thermal dispersion was not sufficient to describe 
the measured data. We found that the over-prediction was eliminated by multiplying the 
convection term in the theory by a soil-specific, flux-independent, correction factor with a 
magnitude less than one. This reduced convection model empirically accounts for the 
discrepancy between the standard theory and the measurements. 
These empirical findings confirm that the In T/Tu heat pulse approach proposed by 
FPang ef a/. [2002] is a promising technique for measuring soil water flux in the range from 
0.1 to 40 cm h"1 and warrants further development and application. 
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Table 1. Particle-size distribution, organic matter content, bulk density, and saturated 
hydraulic conductivity for the three soils. 
Texture Organic Bulk 
Soil type Sand Silt Clay matter content density Kgat 
— % g kg' Mgm"3 cmh" 
Sand 92 5 3 8.0 1.52 45.3 
Sandy loam 66 23 11 23 1.32 40.6 
Silt loam 20 54 26 11 1.22 3.9 
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Table 2. Thermal conductivity (X), volumetric heat capacity (C), and thermal diffusivity (a) 
for the saturated soil columns. Means and (standard deviations) of eight measurements. 
Soil type A. C a 
W m'i K ' MJ m'^ K"' 10"* s'^ 
Sand 2.33 (0.047) 2.80 (0.057) 0.831 (0.030) 
Sandy loam 1.83 (0.029) 2.98 (0.040) 0.616(0.017) 
Silt loam 1.39(0.027) 3.02(0.218) 0.464 (0.025) 
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Table 3. Standard deviation of water flux estimates from the ZyTL and MD7D approaches 
for different ranges of water flux. 
Flux measured St. dev. for In T/Tu approach St. dev. for MDTD approach 
at outlet Sand Sandy loam Silt loam Sand Sandy loam Silt loam 
cm h"' cm h"' cm h"' 
Oto 1 0.07 0.08 0.09 0.34 0.17 0.21 
1 to 10 0.11 0.05 0.05 0.36 0.18 0.19 
>10 0.70 0.14 0.03 0.52 0.19 0.20 
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Table 4. Low flow detection limits for the In T/Tu and MDTD approaches. 
In Td/ Tu approach MDTD approach 
Soil type 
detection limit detection limit 
cm h"1 cm h"1 
Sand 0.19 (p<0.0003) 0.19(p<0.076) 
Sandy loam 0.40 (p<0.079) 0.28 (p<0.018) 
Silt loam 0.12(p<0.016) 0.28 (p<0.038) 
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Table 5. Slopes, intercepts, standard errors, and coefficients of determination (r^) from linear 
regression of water flux estimated using the approach versus the measured outflow 
from the columns. 
Soil type Slope (S) Intercept Std. Err. P 
cm h" cm h" 
Sand 0.765 0.605 0.390 0.998 
Sandy loam 0.232 0.452 0.125 0.998 
Silt loam 0.400 2.88 0.071 0.999 
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Figure 1. Measured temperature increase differences (a) and temperature increase ratios (b) 
in sand for water fluxes from 0.2 to 37.2 cm h"'. 
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Figure 3. Water flux estimated using Z» versus water flux measured at the column 
outlet. 
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CHAPTER 4. USING THE DUAL-PROBE HEAT-PULSE TECHNIQUE TO 
MONITOR SOIL WATER CONTENT IN THE VADOSE ZONE 
A paper submitted to Vadose Zone Journal 
Tyson E. Ochsner. Robert Horton, and Tusheng Ren 
ABSTRACT 
The dual-probe heat-pulse (DPHP) technique is emerging as a useful technique for 
measuring soil water content (#). However, very little published data are available 
regarding the performance of the DPHP technique under field conditions. The objective 
of this study is to evaluate the effectiveness of the DPHP technique for measuring 0 in 
field conditions. We used 24 DPHP sensors to monitor 0 in a cropped field during the 
2001 and 2002 growing seasons. The DPHP sensors demonstrated durability in field 
conditions and clear sensitivity to temporal and spatial variations of 0 at the scale of 
measurement. # measured by the DPHP sensors (ODPHP) was on average 0.040 m3 m~3 
larger than <9 measured by soil sampling (<%$). The response of the DPHP sensors was 
linear. Regressions of ODPHP versus Oss yielded r2 values of 0.949 and 0.843 at depths of 
7.5 and 37.5 cm. The DPHP technique showed good resolution with RM SE values for 
the regression of 0.009 and 0.011 m3 m"3 at the two measurement depths. The slopes of 
the regressions were 0.75 rather than 1.0. Errors in 6&s are a likely cause of this low 
slope. We applied a matching point procedure shifting all the ODPHP values from each 
sensor up or down by a constant value to make the first ODPHP measurement from each 
sensor equal the first Oss measurement for that sensor. This simple matching point 
procedure improved the accuracy of the DPHP technique, resulting in a -0.024 m3 m"3 
average difference between ODPHP and Oss- Also, the matching point procedure markedly 
reduced the variability between sensors, reducing the average standard deviation of ODPHP 
from 0.063 to 0.026 m3 m"3. This procedure requires no additional soil sampling and is 
recommended for field applications of the DPHP technique. 
Measurements of d m the vadose zone are often needed by researchers who study 
components of the terrestrial hydrologie cycle or who study the many biological, 
physical, and chemical processes that are influenced by 0. Measurements of 9 are also 
often utilized by irrigation managers in agriculture and horticulture. A number of useful 
direct and indirect techniques for measuring 0 are available, each having characteristic 
strengths and weaknesses (Topp and Ferre, 2002). This study focuses on the DPHP 
technique, an indirect technique that enables automated, nondestructive measurements of 
0 on a very small volume of soil (~1 cm3). The DPHP technique for measuring 0 was 
first suggested by Campbell et al. (1991), and has since been utilized by several 
researchers (Campbell et al., 2002; Ren et al., 1999; Song et al. 1999; and Tarara and 
Ham. 1997). These studies have shown that the DPHP technique can provide accurate 
measurements of 0 and change in 0{A0) in laboratory and greenhouse settings. 
However, evaluations of the effectiveness of the DPHP technique in the field have 
been limited. In one Geld study, Tarara and Ham (1997) compared 0 measurements from 
three DPHP sensors with 0 measurements made using a gamma attenuation meter and 
found that the two methods agreed to within 0.05 m3 mf3. In another field study, 
Campbell et al. (2002) compared 0measurements from 10 DPHP sensors in a peat bog 
with 0 measurements from four Water Content Reflectometer (WCR) probes (CS615, 
Campbell Scientific Inc.). They reported very similar temporal patterns of 0 but different 
mean values between the two types of probes at one depth, and at the other depth, they 
reported similar mean values of 0 but very different temporal patterns of 0 between the 
two types of probes. In total, we can find only two figures in two papers comparing 
DPHP 0 measurements with independent 6>measurements in the field. More extensive 
field comparisons between the DPHP technique and other accepted techniques for 
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measuring 0 are needed to more clearly define the effectiveness of the DPHP technique 
in field conditions. The objective of this paper is to evaluate the effectiveness of the 
DPHP technique for measuring 6 in the vadose zone. 
THEORY 
DPHP sensors can be used to measure soil volumetric heat capacity (O) which is 
directly related to 0. A brief heat pulse emitted from the heating needle of the DPHP 
sensor is transferred through the soil resulting in a small temperature increase (AT) 
approximately 6 mm away at the sensing needle of the sensor. The maximum value of 
this temperature increase (JJ]*) is inversely related to C (Campbell et al., 1991) : 
c
-iAF [1J 
where q is the heat output per unit length of the heater (J m"1), e is the base of the natural 
logarithms, and r is the distance between the heating and sensing needles (m). C is 
related to 0 by 
C = + [2] 
where /%, is the density of water (kg m"^), c* is the specific heat of water (J kg"' K"'), is 
the soil bulk density (kg m"3). and cs is the specific heat of the soil solids (I kg"1 K"1) 
(Campbell et al., 1991). Substituting Eq. [1] into Eq. [2] and rearranging gives the 
theoretical equation for determining 0 using the DPHP technique (Bristow et al., 1993) 
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Eq. [3] is based on the assumptions that the heat transfer around and through the DPHP 
sensor is the same as the heat transfer around an infinite line source in a homogeneous 
medium, that the finite duration heat pulse approximates an instantaneous heat pulse, that 
the heat transfer is only by conduction, that no contact resistance exists between the probe 
and the soil, and that cw, and cs are independent of 8 and temperature. Furthermore, 
in applying Eq. [3] we normally assume that all the variables other than q, ATm, and 6 are 
constant throughout the measurement period. 
MATERIALS AND METHODS 
Sensor construction 
Twenty-five DPHP sensors were utilized in this experiment. The heaters and 
thermocouples of the probes were housed in 35.6 mm long sections of 18-gauge stainless 
steel tubing. The heating needle was created by threading enameled resistance wire (79 
im diameter, 205 Q m"1, Nichrome 80 Alloy, Pelican Wire Co. Naples, PL) four times 
through the entire length of the tubing so that the resulting heater had a resistance of 
approximately 820 Q. m"1. The total resistance of the completed heaters was about 33 fl 
The temperature sensing needle was constructed by inserting a 36 AWG copper-
constantan thermocouple j unction (Type T, Omega Engineering, Stamford, CT) in the 
second tube. The interiors of the heating and temperature sensing needles were then 
filled with high thermal conductivity epoxy (Omegabond 101, Omega Engineering, 
Stamford, CT), and the heater and thermocouple wire were connected to 8.5 m long 22 
AWG stranded conductors (Pelican Wire Co. Naples, FL). The lead wires for the heating 
needle were copper, and the lead wires for the sensing needle were copper and 
constantan. The heating and temperature sensing needles were inserted into predrilled 
holes in a small PVC block so that the needles were parallel and separated by about 6 
mm. The needles protruded 27 mm from the PVC block, the thermocouple junction was 
in the center of the protruding portion of the sensing needle, and the wiring junctions 
between the needles and the leads were inside the hollow center of the PVC block. The 
cavity in the block was then filled with high thermal conductivity epoxy (RBC-4300 and 
A-121 epoxy hardener, RBC Industries, Warwick, RI) so that the finished sensors were 
waterproof and electrically insulated. Finally, the sensor leads were threaded through 
heavy-duty woven nylon sleeves (Protec NHS-071. Tompkins Industries Inc., Olathe, KS) 
to protect the leads from damage in the Geld. 
Measurement system 
The measurement system for the 25 DPHP sensors consisted of a datalogger (21x, 
Campbell Scientific Inc., Logan, UT), two multiplexers (AM416, Campbell Scientific 
Inc., Logan, UT), a reference thermistor (Model 107, Campbell Scientific Inc., Logan, 
UT), a pair of 0.27 Q resistors wired in parallel (Philips ECG, Greenville, TN), a 5-volt 
DPDT direct current relay capable of handling up to 2 amps (R40-11D2-5, NTE 
Electronics Inc., Bloomfield, NJ), and a deep cycle 12-volt battery. The heater leads were 
connected to one multiplexer, and the thermocouple leads were connected to the second 
multiplexer. The thermocouple multiplexer was sealed in a well insulated environmental 
enclosure with the reference thermistor mounted on the center bridge of the multiplexer. 
The heater multiplexer and the datalogger were each sealed in separate enclosures. The 
datalogger switched the multiplexer channels at the appropriate times and activated the 
relay to switch current to the heaters. The current to the heaters flowed through the two 
0.27 Q resistors wired in parallel, and the datalogger measured the voltage drop across the 
resistors to determine the current. The sensors were heated for 8 s in pairs of two. The 
current through each heater was approximately 0.33 amps resulting in g » 700 J m"1. The 
temperature of each sensor was measured prior to heating and one time per second for 80 
s after the initiation of heating. 
Calibration 
The probe spacing, r, for each DPHP sensor was determined by recording 
measurements of q and ATm with the sensor immersed in water stabilized with agar (6 g 
L"1) to prevent convection. Eq. [1] was then rearranged to solve for r with C - p^Cw -
997.5 kg m3 * 4180.4 J kg ' K ' = 4.170 x 10* J m3 K ' (data for water at 23°C; Weast, 
1978). We assumed that the agar did not significantly alter the heat capacity of the water. 
Campbell et al. (1991) calibrated DPHP sensors in water stabilized with agar at 2 g L"% 
but we found that at that concentration r was not stable when the heating power was 
varied. At 2 g L"1 agar, r decreased as ATm increased, while r was independent of ATm at 
6 g L"' agar (Fig. 1). These data suggested that the heat pulse induced some convection in 
water stabilized with agar at 2 g L"'. The mean value of r for the 25 sensors was 5.98 mm 
with a standard deviation between sensors of 0.19 mm. The calibration for each sensor 
was very repeatable with an average coefficient of variation of 1.1% over 24 replications. 
Installation 
The measurement system and 25 DPHP sensors were installed at the Bruner farm 
field research site near Ames, IA. The cropping system at the site was conventional 
tillage continuous soybean. The soil at the site is mapped as a Nicollet loam (fine-loamy, 
mixed, superactive, mesic Aquic Hapludolls). The Nicollet series consists of soils formed 
in calcareous loamy glacial till with A horizons typically 40 cm deep. In 2001, the DPHP 
sensors were installed on 7/27. In 2002, the DPHP sensors were installed on 6/27. The 
sensors were installed in four adjoining soybean research plots each covering an area of 
approximately 36 m2. The soybean was planted in north-south rows spaced 76 cm apart. 
The sensors were installed in the row directly beneath growing soybeans. The sensors 
were installed by using a spade to dig a small hole roughly 45 cm deep beside the 
soybean row. In 2001, three sensors were installed in each hole at 7.5, 22.5, and 37.5 cm 
below the soil surface. In 2002, two sensors were installed in each hole, one at 7.5 cm 
and one at 37.5 cm below the soil surface. The sensors were installed horizontally by-
using a metal blade to cut a slot in the soil on the face of the hole adjacent to the row at 
the desired depth. The size of the slot was slightly smaller than the size of the PVC head 
of the DPHP sensor. The sensor was then carefully inserted into the slot so that the 
sensor needles and head were surrounded by undisturbed soil. Soil was then packed 
tightly around the rear of the DPHP sensor and the leads to prevent channeling of water to 
the sensor under wet conditions. Finally, the leads from each sensor were laid to the 
bottom of the hole and back out the top, and soil was carefully backfilled into the hole to 
approximately the original bulk density. Six sensors were placed in each of the four plots 
for a total of 24 DPHP sensors in the soil. In 2002, the last DPHP sensor was sealed into 
a water-tight 250 mL Naglene bottle filled with quartz sand (Unimin silica sand. Target 
Products Ltd., Burnaby, British Columbia). This sensor was used to verify the stability of 
the results from the measurement system and was placed above ground under a protective 
cover along with the datalogger and multiplexer enclosures. Every 6 hours measurements 
were performed on all the DPHP sensors and the date, time, initial temperature, voltage 
drop across the resistors, /IT)*, and the time between the initiation of the heat pulse and 
the occurrence of ^47^, were recorded. The data were post-processed to calculate g and & 
The average value of 0 measured by all the DPHP sensors at each depth will from here 
on be referred to as 
Soil sampling 
In 2002, we collected soil samples from the field on eight different occasions for 
determining 0 by oven drying to compare with Odphp- The first set of soil samples was 
obtained by hand during sensor installation. The final set of soil samples was taken by 
hand during sensor extraction. The other sets of soil samples were collected using a 30 
cm long soil sampler with a 1.9 cm inner diameter (JMC Sampler, Clements Associates 
Inc., Newton, 1A). The soil sampling procedure was designed to qualitatively mirror the 
data being collected by the DPHP sensors. Hence, at each sampling occasion one soil 
sample was taken for each DPHP sensor. The samples were taken from the opposite side 
of the soybean row at the same depth as the sensor, and the total distance from the sample 
location to the sensor was less than ~1 m. The 7.5 cm sample was obtained by saving the 
6.5 to 8.5 cm layer from the soil core, and the 37.5 cm sample was obtained by saving the 
36.5 to 38.5 cm layer from the soil core. The total volume of each soil sample then was 
about 5.7 cm3. The sampling volume of a DPHP sensor is roughly 1 cm3, so the sampling 
volumes of the two techniques are of similar orders of magnitude. The samples were 
distributed over the same area and encompassed roughly the same volume of soil as that 
sampled by the DPHP sensors. This similarity of number, distribution, and volume of 
samples is critical for making an accurate comparison between the two techniques. The 
gravimetric water content of the soil samples was determined by weighing, drying for 24-
h at 105°C, and weighing again. Bulk density was determined from separate soil samples 
taken at the site of each DPHP sensor at the time of sensor extraction. The average pb 
values for the 7.5 and 37.5 cm depths in 2002 are shown in Table 1. The average 9 
determined from twelve soil samples at each depth will from here on be referred to as dss-
Soil samples taken during the course of the study were used to determine selected 
physical properties of the soil in the laboratory. Particle size analysis was performed 
using the hydrometer method. Organic matter content was determined by dry 
combustion. And, cs was measured using a differential scanning calorimeter (Seiko 
DSC220C, Perkin-Elmer Analytical Instruments, Shelton, CT). The results listed in 
Table 1 are the means of two replications of the particle size and organic matter 
measurements and three replications of the cs measurements. 
RESULTS AND DISCUSSION 
The daily average value of ODPHP and the daily rainfall totals for the period of 
measurement in both years are shown in Fig. 2. The data in Fig. 2 qualitatively 
demonstrate the sensitivity and reliability of the DPHP technique in field conditions. 
During the periods of measurement the DPHP technique captured distinct temporal 
variations in water content. The ÔDPHP data show sharp increases in response to rainfall 
events and smooth, gradual decreases between rainfall events. The DPHP technique also 
captured distinct variations in water content with depth in both years. For example, the 
small rainfall events that occurred between 7/25 and 7/27 of2002 resulted in a 0.05 m" 
^ increase in at the 7.5 cm depth but no increase in at the 37.5 cm depth. The 
DPHP results in both years also reveal the general tendency for the 37.5 cm depth to be 
drier than the 7.5 cm depth. In the context of this study, the ability of the DPHP 
technique to capture temporal and spatial variations in soil water dynamics makes it a 
promising technique for studying infiltration, crop water use, and évapotranspiration. The 
data in Fig. 2 also indicate that a DPHP system can function reliably for months at a time 
in a field environment with minimal intervention. The measurement system was 
deployed for a total of 123 days during 2001 and 2002, and all of the sensors were still 
functioning properly at the end of the study. During the study only two losses of data 
occurred. The first loss of data occurred for 12 days (8/27 through 9/7 of 2001) and 
stemmed from a faulty splice in the reference thermistor cable. The second loss of data 
occurred for five days (8/22 through 8/26 2002) and resulted from animals causing the 
external battery to be disconnected from the datalogger. Visits to the site were sporadic, 
and maintenance was limited to downloading data and changing the external battery when 
it became depleted (once per season in this case). 
The DPHP sensor sealed in the quartz sand provided a means to quantify the 
stability of the measurement system in the field. This reference sensor was measured for 
a period of approximately two months during 2002. During that time the water content 
reported by the reference sensor was very stable at 0.04 m3 m"3 with a standard deviation 
of only 0.0054 m3 m"3. These data from the reference sensor show that the DPHP 
technique has the capability to provide stable and precise measurements of 0 under 
outdoor ambient conditions. The ambient temperature of the sand ranged from 10 to 
40°C during the measurement period. The practical value of installing a reference sensor 
is that it can help identify any gradual drift or sudden changes in the performance of the 
measurement system. 
From here on we will focus our analysis on the results from 2002, because that is 
the year in which we collected extensive soil samples. Figure 3 shows the time series of 
and 6b? for 2002. Four measurements per day are plotted in Fig. 3 with each 
measurement being the average value from 12 sensors at the same depth. Fig. 3 
illustrates the value of automated measurements of 0 for describing soil water dynamics. 
Notice that soil samples were collected on 8/6 and 8/13 and that the resulting Oss values 
show a small increase in water content during that period. In contrast, the relatively 
continuous ODPHP data for the same period show that the period between 8/6 and 8/13 
included a distinct dry down followed by a clear re-wetting. Fig. 3 also demonstrates that 
the DPHP technique performs with a reasonable level of accuracy under field conditions. 
At the 7.5 cm depth, was on average 0.025 m3 m"3 larger than At the 37.5 cm 
depth, was on average 0.054 m3 m"3 larger than 6ks- Basinger et al. (2003) found a 
similar bias toward overestimation of 0 in their laboratory study of the DPHP technique. 
The maximum absolute difference between ODPHP and Oss was 0.047 m3 m"3 at the 7.5 cm 
depth and 0.077 m3 m"3 at the 37.5 cm depth. At both depths, the maximum absolute 
difference occurred at the time of sensor installation. 
Figure 4 shows the strong linearity of the relationship between ODPHP and Oss- At 
the 7.5 cm depth, linear regression of ODPHP versus Oss yields an r2 of 0.949 and a root 
mean square error (RMSE) of 0.00907 m3 m"3 (Table 2). At the 37.5 cm depth, linear 
regression of ODPHP versus OSS yields a slightly lower r2 of 0.834 and a slightly higher 
RMSE of 0.0110 m3 m"3. These small RMSE values highlight the good precision 
ac hievable with the DPHP technique in the field. At both depths the slope of the 
regression line is about 0.75 and the intercept is about 0.1 (Table 2). For the range of # 
in this study the DPHP technique appears to overestimate Sand to underestimate AO. A 
similar performance was observed by Basinger et al. (2003) in their laboratory evaluation 
of the DPHP technique, but the slope of their regression line was 0.92. 
To understand why the slope of the relationship is lower than expected we must 
consider at least three potential error sources: the Oss measurements may have contained 
errors, the measurements of q and ATm may have contained errors, and the assumptions 
behind the DPHP technique may have been violated. Errors in the Oss measurements are 
the primary potential contributor to the lower than expected slope. The first set of soil 
samples taken during sensor installation and the last set of soil samples taken during 
sensor extraction may have been subject to evaporation, and the resulting éfe may have 
been too small. The processes of sensor installation and sensor extraction each took 
approximately eight hours during which time the soil samples were kept in moisture cans 
in a shaded area. Given the length of time between sampling and weighing, some 
potential for evaporation did exist. As noted above, the maximum absolute difference 
between ODPHP and DSS occurred at sensor installation, and the second largest absolute 
difference occurred at sensor extraction. Furthermore, the set of soil samples taken on 
8/13 may have been biased toward overestimating the true water content at 7.5 and 37.5 
cm. Obtaining this set of soil samples was complicated by the compressibility and 
stickiness of the wet surface soil caused by rainfall on the night of 8/12 and the morning 
of 8/13. It was very difficult to ascertain the actual depth that the soil samples 
represented, and it is certainly possible that the soil samples represented shallower and 
wetter soil than intended. If so, then this set of samples would act to falsely lower the 
slope of the versus Removing the three sets of questionable soil samples from 
the analysis leads to a slope of 0.97 for the regression of ODPHP versus Oss at both depths. 
This is a significant improvement and indicates that errors in could be largely 
responsible for the lower than expected slope. 
Errors in the measurement of g or are a second potential contributor to the 
lower than expected slope of versus If g were consistently underestimated or 
overestimated by some fixed percentage, then the error would have been automatically 
accounted for during sensor calibration, and it would not affect ODPHP- The same holds 
true for a fixed percentage-wise error in ATm. The only foreseeable way in which either 
of these measurement errors could cause the slope of the ODPHP versus Oss to be less than 
one would be if ATm were consistently overestimated by some constant value. This seems 
unlikely. 
Violations of the assumptions behind the DPHP technique are the third potential 
contributor to the lower than expected slope of the ODPHP versus Oss relationship. Some of 
the assumptions behind Eq. [3] have been investigated carefully. Kluitenberg et al. 
(1993) considered the error that results from using the solution for an instantaneous heat 
pulse rather than the solution for a finite heat pulse. They found that in most cases the 
error has a negligible effect on the heat capacity measurement and by extension the 
measurement. The assumption that heat transfer occurs only by conduction has been 
investigated by Bilskie (1994) using a numerical model for conduction and convection 
heat transfer around a heat-pulse sensor. He concluded that under typical conditions 
convection has no effect on AT at points more than 2 mm from the heater. The effects of 
the remaining assumptions listed immediately following Eq. [3] are currently unknown, 
and one or more of these assumptions could contribute to the unexpectedly low slope of 
the ODPHP and Oss relationship. Likewise, the assumption employed in probe calibration 
that agar-stabilized water has the same heat capacity as pure water is untested and could 
potentially influence the slope of the ODPHP and Oss relationship. 
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In addition to showing the linearity of the DPHP sensor response, Fig 4. also 
reveals the variability of and #3. The bi-directional error bars in Fig. 4 extend one 
standard deviation in each direction about the mean value. (Recall that each symbol in 
Fig. 4 represents the mean of 12 measurements.) exhibited larger standard 
deviations than did 6&s. On average the standard deviation of was 0.063 m" m"\ 
and the standard deviation for Oss was 0.022 mJ m"3. There was no clear relationship 
between OSS and the standard deviation of ODPHP, i.e. the variability between DPHP 
sensors did not depend on soil water content. The variability of ODPHP and Oss must be 
attributed both to actual spatial variability of # in the root zone of a growing soybean 
crop and to measurement errors. 
Previous research has indicated that the DPHP technique excels in determining AO 
(Tarara and Ham, 1997). Based on this knowledge we chose to apply a matching point 
procedure to adjust the ODPHP data. We shifted all the ODPHP data for each sensor up or 
down by a constant value to make the first ODPHP measurement for each sensor equal the 
first Oss measurement for that sensor. The resulting time series graphs shown in Figure 5 
demonstrate that this matching point procedure improved the accuracy of ODPHP- The bias 
was not totally eliminated by using the matching point procedure, but the absolute value 
of the bias was decreased. After applying the matching point procedure, 6&%w was on 
average 0.022 m3 m"^ lower than 6k at the 7.5 cm depth. At the 37.5 cm depth, 6b/w 
was on average 0.025 m3 m"3 lower than Oss- The maximum absolute difference between 
ODPHP and Oss was 0.047 m3 m"3 at the 7.5 cm depth and 0.046 m3 m"3 at the 37.5 cm 
depth. At both depths, the maximum absolute difference occurred on 8/13, which is when 
the maximum value of Oss was recorded. The temporal trend of ODPHP is unaltered by the 
matching point procedure. 
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The one to one comparison of Oss and ODPHP after the application of the matching 
point procedure is shown in Figure 6. The r2. RMSE, and slope of the linear regressions 
of ODPHP versus Oss are unchanged from those in Fig. 4, but the intercepts of the 
regression lines are reduced from about 0.1 to about 0.05. The vertical error bars in Fig. 6 
highlight the reduced variability among sensors, which is the main benefit obtained by-
applying the matching point procedure. Notice that the vertical error bars in Fig. 6 are 
much shorter than those in Fig. 4. Applying the matching point procedure markedly 
reduced the variability among the DPHP sensors. Without the matching point procedure 
the average standard deviation of was 0.063 m^ m"\ and after applying the 
matching point procedure the average standard deviation of ODPHP was 0.026 m3 m"3. This 
is very similar to the average standard deviation for Oss which was 0.022 m3 m"3. It is 
reasonable to attribute most of the remaining variability between DPHP sensors to real 
spatial variability of 0 in the root zone. The matching point procedure appears to be a 
simple method to obtain improved agreement between multiple DPHP sensors in the 
field. Such agreement among sensors is particularly important in applications where 
relative differences in # between different spatial locations are of primary interest. Note 
that applying the matching point procedure requires no soil sampling beyond that which 
is normally required to use the DPHP technique. (To use Eq. [3] one must obtain soil 
samples to determine /%.) 
CONCLUSION 
The results of this study demonstrate that the DPHP technique performs reliably in 
the field to make automated measurements of 0 with high temporal and spatial 
resolution. The response of the DPHP sensors was very linear, and the precision was 
excellent with RMSE values around 0.01 m3 m"3. For this soil, linear regression of ODPHP 
versus Oss yields a slope of 0.75 rather than 1. This differs from the results of others who 
have found the slope of this relationship to be about 0.92, but it seems probable that errors 
in Oss caused the low slope in this study. In any case, the strong linearity of the 
relationship will be very conducive to determining soil-specific calibrations if necessary. 
A matching point procedure we adopted improved the accuracy of the technique and 
improved the agreement between multiple DPHP sensors in the field. 
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Table 1. Bulk density, particle size distribution, organic matter content, and specific heat 
of the soil at the study site. 
Depth Sand Silt Clay O.M. Cs 
cm Mgm"^ % % % % kJkg'  K'  
7.5 1.28 50 18 32 2.9 0.78 
37.5 1.33 51 23 26 1.4 0.76 
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Table 2. Results of linear regression of versus 6&s. 
Calibration Depth Slope Intercept R.M.S.E. 
procedure (cm) (m3 m"3) r2 (m3 m"3) 
Without 7.5 0.750 0.101 0.949 0.00907 
matching point 37.5 0.759 0.125 0.834 0.0110 
With matching 7.5 0.750 0.054 0.949 0.00907 
point 37.5 0.759 0.048 0.834 0.0110 
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# 2 g/L agar 
O 6 g/L agar 
Q 
0 
Ï 
0.2 0.4 0.6 0.8 1.0 
Maximum temperature increase (K) 
1.2 
Fig. 1. Calibrated probe spacing versus maximum temperature increase for one DPHP 
sensor in agar-stabilized water at 2 and 6 g L"'. The symbol is the mean of ten 
measurements, and the error bars represent one standard deviation. 
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Fig. 2. Daily average of water content measured by the DPHP sensors along with the 
daily rainfall totals for the measurement periods in 2001 (A) and 2002 (B). 
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Fig. 3. 2002 time series of water content measured by DPHP sensors and by soil 
sampling at the 7.5 cm depth (A) and the 37.5 cm depth (B). 
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Fig. 4. One to one comparison of water content measured by DPHP sensors and by soil 
sampling at the 7.5 cm depth (A) and the 37.5 cm depth (B). Symbols are the mean of 12 
measurements. 
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Fig. 5. 2002 time series of water content measured by DPHP sensors after application of 
matching point procedure and by soil sampling at the 7.5 cm depth (A) and the 37.5 cm 
depth (B). 
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Fig. 6. One to one comparison of water content measured by DPHP sensors after 
application of matching point procedure and by soil sampling at the 7.5 cm depth (A) and 
the 37.5 cm depth (B). 
87 
CHAPTER S. MEASUREMENT OF NEAR-SURFACE SOIL HEAT CAPACITY 
A paper to be submitted to Agricultural and Forest Meteorology 
Tyson E. Ochsner, Thomas J. Sauer, and Robert Horton 
ABSTRACT 
Soil volumetric heat capacity (C) is an important parameter in studies of the soil 
thermal regime and the surface energy balance. The objective of this study was to evaluate 
the performance of three techniques for determining C in the field. The techniques evaluated 
were estimation of C by soil sampling, estimation of C based on Theta Probe water content 
measurement, and direct measurement of C using heat pulse sensors. Measurements of C 
under a bare soil surface, a soybean [G/ycwzg mai (L.) Merr.] canopy, and a com (Zea 
L.) canopy were performed. Estimating C three times per week, whether by soil sampling or 
from Theta Probe measurements, was inadequate to describe the temporal variability of C, 
resulting in errors as large as 39%. In contrast, heat pulse sensors permitted C measurements 
with a frequency capable of fully describing the temporal variations in C. The variation of C 
within the top 6 cm of the soil was detected by soil sampling and by the heat pulse sensors, 
but not by the Theta Probe due to its larger sampling volume. When determinations of C 
from all three methods were available simultaneously, the methods agreed to within 0.15 M J 
mKor 8% on average. The automated heat pulse approach for determining C should be 
utilized if a study calls for long term monitoring, if frequent site visits are not feasible, if 
temporal variations with a time scale of hours rather than days are important, or if repeated 
measures at specific points in the soil are needed. The non-destructive, non-automated Theta 
Probe approach is a suitable alternative if frequent site visits are acceptable and a valid 
calibration for the soil at the site is available. The destructive soil sampling approach is the 
best option for short term projects where frequent soil sampling is not prohibitively 
expensive or difficult or disruptive to the site. 
Soil volumetric heat capacity (Q quantifies the amount of thermal energy required to 
raise the temperature of a unit volume of soil by one degree. Knowledge of the magnitude of 
C and its temporal and spatial variability is necessary to understand the soil thermal regime. 
Values of C are also necessary to determine the change of heat storage within the soil. The 
change of heat storage in the top few centimeters of the soil must be determined when 
estimating the soil heat flux at the surface (Go) based on measurement of the soil heat flux at 
some depth beneath the soil surface (Gy). Mayocchi and Bristow (1995) have demonstrated 
that failure to account for the change in heat storage in the soil above the depth of Gr 
measurement can lead to large systematic errors in Go. 
Measurements or estimates of Go are required in all comprehensive surface energy 
balance studies (Sauer and Horton, 2003). One objective of many such studies is to 
determine the partitioning of energy from net radiation at the land surface into sensible, 
latent, and soil heat fluxes. Therefore, errors in C determination often effect not only Go 
estimates but also indirect determinations of sensible or latent heat flux, as well as 
conclusions about the relative sizes of the terms in the energy balance equation (Twine et al., 
2000; Wilson et al., 2002). Improvement of techniques for determining C will benefit studies 
of surface energy balances and soil thermal regimes. 
The objective of this study was to evaluate the performance of three techniques used 
for determining C in the field. The first technique evaluated in this study was estimation of C 
based on mass water content (^) determined by soil sampling and bulk density (/%) 
determined by soil sampling. The second technique was estimation of C based on volumetric 
water content (#,) determined by a dielectric type sensor and determined by soil sampling. 
And, the third technique was direct measurement of C using heat pulse sensors. 
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General description of methods 
The traditional method used to estimate C utilizes soil sampling to determine 0g and 
/%. Once 6^ and are determined, C is calculated as the weighted sum of the heat capacities 
of the various soil constituents by 
C = [1] 
where c*, and c* represent the specific heats (MJ Mg"' K"') of soil minerals, soil organic 
matter, and soil water, respectively, and ^ and represents the mass faction (Mg Mg"') of 
soil minerals and organic matter on a dry-mass basis (Kluitenberg, 2002). The organic 
matter content of the soil ($,) can be determined using procedures in Nelson and Sommers 
(1996), and can be calculated by = 7 - Published values are generally used for the 
specific heats in Eq. [1], with typical values being those taken from de Vries (1963): cm = 
0.73, c0 - 1.9, and cw = 4.18 MJ Mg"1 K"1. This method for determining C is widely used and 
is generally considered to give accurate results (Kluitenberg, 2002). 
The second technique for estimating C that we evaluated relied on frequent indirect 
measurements of using a dielectric type sensor. Eq. [1] can be rearranged to show that 
C = fakA [2] 
Equation [2] permits estimation of C from measurements of 9V. Soil sampling is still 
required to determine Several recent studies have relied on dielectric type soil moisture 
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sensors to determine #, which was in turn used to estimate C (Giambelluca et al., 2003; 
Kellner, 2001; Ogee et al., 2001). In the present study a dielectric type soil moisture sensor 
was manually inserted into the soil during site visits to determine however, datalogging 
systems can be designed to perform automated measurements on dielectric sensors that 
remain embedded in the soil. 
Direct measurement of C using heat pulse sensors was the third technique for 
determining C that we evaluated. To measure C using a heat pulse sensor a brief pulse of 
heat is introduced by the sensor's small (<4 cm long, ~1 mm diam.) heating element and the 
resulting temperature increase 6 mm away at the sensing needle is measured by a 
thermocouple and recorded using an external datalogger. The relationship between the 
maximum temperature increase (J7%,) and C is 
C = lJïF [3) 
where q is the heating power (J m"1), e is the base of the natural logarithm, and r is the 
spacing (m) between the heating needle and the sensing needle (Campbell et al., 1991). 
Ham and Knapp (1998) and Bremer and Ham (1999) used heat pulse sensors to 
monitor C and temperature of a surface layer in a prairie soil. These measurements 
facilitated the estimation of the change in heat storage in the surface soil and the soil heat 
flux. However, the results of a careful comparison of the heat pulse method for determining 
C to other commonly used methods in the field are yet to be reported. 
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MATERIALS AND METHODS 
Field sites 
We performed field experiments to measure C under a bare soil surface, a growing 
corn crop, and a growing soybean crop. During the summer of 2001 we determined C in the 
surface soil from 0 to 6 cm in a small plot of bare soil. The site was located in central Iowa, 
3.2 km west and 2.4 km north of Ames, IA. The soils at the site belong to the Canisteo-
Clarion-Nicollet association (Typic Haplaquolls-Typic Hapludolls-Aquic Hapludolls). 
Measurements began on July 3 and continued until August 9. 
During the summer of2002, we determined C in the surface soil from 0 to 6 cm deep 
in adjacent fields of corn and soybean for a two month period. The fields were located in 
central Iowa, 1.6 km south of Kelley, IA. The soils at the sites belong to the Clarion-
Nicollet-Webster association (Typic Hapludolls-Aquic Haphidolls-Typic Haplaquolls). 
Measurements at both sites began on June 18 and continued until July 29 at the soybean site 
and August 14 at the com site. The soybean was planted in east-west rows with 30 cm row 
spacing, and the com was planted in east-west rows with 76 cm row spacing. 
Estimating C from soil sampling data 
Soil cores 1.9 cm in diameter were collected to determine 6^. In the Geld, the cores 
were divided into 0 to 3 cm, 3 to 5 cm, and 5 to 7 cm depth increments. At the bare soil site 
five cores were taken during each sampling instance at random locations around the 
perimeter of the plot where the heat pulse sensors were installed. The samples were 
composited by depth increment and stored in moisture cans. At the soybean site cores were 
taken from 1/12, 3/12, 5/12, and 7/12 of the distance between adjacent soybean rows. At the 
com site cores were taken from 1/8, 3/8,5/8, and 7/8 of the distance between adjacent com 
rows. For each of these positions in the inter-row, four cores were taken at random locations 
around the perimeter of the instrumented soybean and corn rows. The samples were 
segregated by row position, composited by depth increment, and stored in moisture cans. 
The samples were taken to the lab, weighed, oven-dried at 105°C for 24 hours, and re-
weighed to determine 6^. Samples for 6^ were obtained with an average of 1.6 days between 
samples for the bare soil site and 2.3 days between samples for the soybean and corn sites. 
For determining /%, 7.6 cm diameter by 7.6 cm high soil cores were collected at the 
bare soil site. The cores were collected using a Uhland core sampler (Uhland, 1949). The 
was determined using three such cores representing the 0 to 7.6 cm soil layer. At the 
soybean site and the corn site, pt samples were obtained by tapping a thin-walled ring (7.3 
cm in diameter and 3.7 cm high) into the soil by hand using a small block of wood and a 
hammer. Then the ring and the soil it contained were excavated with a putty knife. Separate 
samples were taken for the 0 to 3.7 cm and 3.7 to 7.4 cm soil layers. At the soybean site four 
of these small samples were collected, and at the com site eight samples were collected. The 
samples were taken to the lab, weighed, oven-dried at 105°C for 24 hours, and re-weighed to 
determine /%. 
The total carbon content of the soils was determined by dry combustion (Nelson and 
Sommers, 1996), and ^ was estimated based on the total carbon content The 6^ and 
determined by soil sampling were used in Eq. [1] with the de Vries (1963) specific heat 
values and the measured ^ values to estimate C (Cg). 
Estimating C from indirect water content measurements 
At each site, indirect measurements of the average 6V in the top 6 cm of soil were 
made using a Theta Probe (Delta-T Devices Ltd., Cambridge, England). The Theta Probe 
infers #, based on the transmission and reflection of a 100 MHz sinusoidal electromagnetic 
signal along four 6-cm long stainless steel rods inserted into the soil. The manufacturer's 
mineral soil calibration was used for all three sites. In 2001, at the bare soil site, 6V was 
estimated using the Theta Probe from July 20 to August 6 with an average of 1.6 days 
between measurements. Readings were obtained at five different locations in the plot, and 
the results were averaged. In 2002, at the soybean site, 61 was estimated using the Theta 
Probe from July 3 to July 29 with an average of 2.4 days between measurements. In 2002, at 
the corn site, 6V was estimated using the Theta Probe from July 3 to August 14 with an 
average of 2.3 days between measurements. At the com and soybean sites, readings were 
obtained from four inter-row positions corresponding to the positions from which the soil 
samples were obtained. The resulting values were used in Eq. [2], along with measured 
and (j>0 values and the de Vries (1963) specific heat values, to estimate C (€%?). 
Measuring C using heat puke sensors 
Two different designs of heat pulse sensors were employed to measure C in this 
study. In 2001, six three-needle heat pulse sensors based on the design of Ren et al. (1999) 
were installed at the bare soil site. In 2002, eight two-needle heat pulse sensors (Thermal 
Logic, Pullman, Washington) based on the design of Campbell et al. (1991) were installed at 
the soybean and com sites. 
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The measurement system for the heat pulse sensors consisted of a datalogger (21x, 
Campbell Scientific Inc., Logan, UT), a thermocouple multiplexer (AM25T, Campbell 
ScientiGc Inc., Logan, UT), a multiplexer for the heating circuits (AM416, Campbell 
Scientific Inc., Logan, UT), a reference resistor for measuring current through the heaters, a 
relay for switching current to the heaters, and a deep cycle 12-V battery. In 2001 at the bare 
soil site an AM416 multiplexer was used for the thermocouples in place of the AM25T 
multiplexer. A thermistor (107, Campbell Scientific Inc., Logan, UT) was mounted on the 
center bridge of the multiplexer to provide reference temperature measurements. 
The datalogger switched the multiplexer channels at the appropriate times and 
activated the relay to switch current to the heaters. The current to the heaters flowed through 
the reference resistor, and the datalogger measured the voltage drop (zlF) across the reference 
resistor. The relationship between zlFand the heating power, g, is 
? = [4] 
where is the resistance of the reference resistor (O), .R* is the resistance per unit length of 
the heating element (O m"'), and fo is the duration of the applied heat pulse (s). The three-
needle sensors were heated for 15 s and the two-needle sensors were heated for 8 s. The 
temperature of each sensor was measured prior to heating and one time per second for 75 s 
after the initiation of heating. Heat pulse measurements were performed every hour 
throughout the duration of the study period at each site. The measured values of ziF were 
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inserted in Eq. [4] to determine q. For each sensor, the measured value of ATm and the 
calculated q were used in Eq. [3] to determine C (CHP)• 
The probe spacing, r, for each heat pulse sensor was determined by recording 
measurements of g and with the sensor immersed in water stabilized with agar (6 g L"') 
to prevent convection (Ochsner et al., 2003). Eq. [3] was then rearranged to solve for r with 
C = = 997.5 kg m 3 * 4180.4 J kg ' K"' = 4.170 x 10^ J m'^  K ' (data for water at 23°C; 
Weast, 1978). 
An in situ matching point calibration procedure was also employed. All the heat 
capacity measurements for each sensor were shifted up or down by a constant value to make 
the heat capacity measurement from the sensor equal the heat capacity estimate based on soil 
sampling on the date of the first available soil sampling data. This matching point calibration 
procedure reduces the variability between sensors (Ochsner et al., 2003). 
Installing the heat pulse sensors 
At the bare soil site three-needle heat pulse sensors were installed horizontally at 2,4, 
and 6 cm below the soil surface with two sensors at each depth. The sensors were installed 
by using a hand spade to dig a small trench at the desired location. A metal blade was used 
to cut a slot in the soil on the face of the trench at the desired depth. The size of the slot was 
slightly smaller than the size of the head of the sensor. The sensor was then carefully 
inserted into the slot so that the sensor needles and head were surrounded by undisturbed soil. 
The center needle was the heating needle and was positioned at the desired depth with 
temperature sensing needles 6 mm above and below. Soil was packed around the rear of the 
sensor and the leads to prevent channeling of water to the sensor under wet conditions. 
Finally, the soil was carefully backfilled into the hole to approximate the original bulk 
density. At the soybean site and the com site two needle heat pulse sensors were installed 
horizontally at 1.5 and 4.5 cm below the soil surface with four sensors at each depth. The 
four sensors at each depth were installed in the inter-row positions corresponding to the 
positions from which soil samples were obtained. The two needle sensors were positioned 
with the heating and sensing needles in the same horizontal plane. The same general 
installation procedure was followed for the two needle sensors as for the three needle 
sensors. 
RESULTS AND DISCUSSION 
Soil physical properties 
The particle size distributions, organic matter contents, and bulk densities for the 0 to 
6 cm soil layer at the three sites are shown in Table 1. The textural classes for the soil at the 
bare, soybean, and com sites were clay, sandy clay loam, and clay loam, respectively. 
Temporal variability 
Figure 1 shows the time series of CHP for the 0 to 6 cm soil layer and the time series 
of daily rainfall measured by tipping bucket rain gauges at each site. The data from the heat 
pulse sensors in Fig. 1 show that Q#, responds rapidly to rainfall events. At the bare soil site, 
the four largest rainfall events were followed immediately by jumps in the C#p data reflecting 
an increase in the water content of the surface soil layer. At the soybean site, all of the 
rainfall events greater than 1.5 mm were followed immediately by sharp increases in CHP-
Particularly interesting are the three successive rapid wetting and drying cycles produced by 
the first three rainfalls recorded at the soybean site. At the com site, the two largest rainfall 
events led to sudden increases in C#p. The rainfall on July 26 was followed by a loss of data 
from the measurement system, but the subsequent data show that rainfall also produced an 
increase in CHP- The remaining rainfall events at the corn site were all 11 mm or less, and 
tended to produce gradual increases in CHP- Interception of rainfall by the corn canopy, 
channeling of water down the stems, and slow redistribution of water from the row to inter-
row positions in the soil provides one mechanism that might account for these gradual 
increases in C#p following small rainfall events. At both the com site and the soybean site, 
the heat pulse sensors captured an interesting double peak in heat capacity resulting from two 
separate rainfall events on July 10. 
Gaps of several days do exist in the CHP data at each site. Identifiable causes for the 
data losses include a faulty reference thermistor, an accidental datalogger shutdown, and a 
problem with moisture in the datalogger and multiplexer at one site. Monitoring of the 
output from the heat pulse sensors is necessary to ensure data quality and continuity. 
The difficulties of using soil sampling to quantify temporal variations in soil heat 
capacity are illustrated in Figure 2. Figure 2 shows the time series of C&? and the time series 
of daily rainfall at each site. At the bare soil site, only the first two of the three largest 
rainfall events during the soil sampling period were followed by sudden increases in Css. 
Soil samples were collected on August 2 and August 6, and the sharp increase in heat 
capacity that resulted from the 20 mm rainfall on August 3 is not reflected in the Css data. 
The increase in Css due to the August 3 rainfall is 83% smaller than the increase in CHP for 
the same rainfall, and the increase in Qg occurs three days after the increase in C#p. The 
difference between the increase in C&? and the corresponding increase in C#p is -0.56 MJ m 
K"1 immediately following the rainfall. This error in Css amounts to 25% of CHP-
At the soybean site, the temporal details of the changes in heat capacity resulting 
from the first three rainfall events are not reflected in the Css data. Soil sampling soon after 
the 70 mm rainfall on July 10 did allow the Css data to accurately show the resulting change 
in heat capacity, but the agreement between timing of rainfall and timing of increases in C&? 
is not consistent. Soil sampling prior to rainfall on July 26 and again on July 29 resulted in a 
three day lag between the rainfall and the increase in and this lag again led to an 
underestimate of the actual change in heat capacity as represented by C#p. The increase in 
C55 due to the July 26 rainfall is 63% smaller than the increase in CHP for the same rainfall, 
and the increase in C# occurs 2.5 days after the increase in C#p. The difference between 
increase in CSS and increase in CHP is -0.95 MJ m"3 K"1 immediately following the rainfall. 
This error in C&y amounts to 39% of C#p- At the com site the responses of C# to rainfall are 
very similar to the responses described at the soybean site. In general, the data show that 
for these three sites soil sampling even 3 times per week was not frequent enough to 
consistently and accurately record the temporal variations in the heat capacity of the near-
surface soil. 
The time series of C7? resulting from Theta Probe measurements of #, along with the 
measured rainfall for the three sites are shown in Fig. 3. The responses of the Cy? data to 
rainfall are similar to the responses of C&y because the soil samples and the Theta Probe 
readings were generally collected at the same time. Like the data, the C7? data are not 
frequent enough to capture the true temporal variation of heat capacity in the first few 
centimeters beneath the soil surface. 
In Fig. 4 the time series for Q#», Cs& and are superimposed to facilitate visual 
assessment of the points of agreement and disagreement between the methods. 
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Spatial variability 
Figure 5 provides a means of comparing the ability of the various methods to describe 
small scale spatial variations in heat capacity. Figure 5 shows heat capacity as a function of 
depth and row position for July 24 at the com site. The soil sampling results indicate that the 
heat capacity increases with depth and toward the center of the inter-row (Fig 5a). The Theta 
Probe results capture the horizontal variation of heat capacity but fail to capture the vertical 
variation because the sensor averages across the top 6 cm (Fig 5b). The results from the heat 
pulse probes show spatial variability with similar patterns as the soil sampling results; 
however, the heat pulse sensors report a greater magnitude of spatial variability (Fig 5c). 
The heat pulse sensors have very small sampling volumes, and this fact may contribute to the 
larger variability of the results. Figure 5 shows that both soil sampling and heat pulse 
sensors are suitable for describing variations of heat capacity with depth in the top few 
centimeters of the soil, but the Theta Probe is not. 
Direct comparison of methods 
In order to make direct comparisons between the results of the three methods, the 
daily average values of C#p were calculated. Figure 6 shows the direct comparison between 
daily average C#p and Css for the days on which Css was estimated. Figure 7 shows the 
direct comparison between the daily average of C#p and Cy? for the days on which C%? was 
estimated. The scatter evident in Figs. 6 and 7 results from the combination of errors present 
in all three methods. 
The slope of a linear regression of Css versus Cm» was 1.10 indicating that changes in 
Css overestimated changes in C#p by about 10%. The root mean square difference between 
Css and C%p was ±0.12 MJ mK"'. The largest absolute difference between Css and Cw on 
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days when Cgs was estimated was 0.26 MJ m"^ K"' at the bare soil site on July 18. The slope 
of a linear regression of Cy? versus C/o» was 0.75 indicating that changes in Cy? 
underestimated changes in Q#» by about 25%. The root mean square difference between Cy? 
and C#y» was ±0.15 MJ m"^ K."'. The largest absolute difference between Cy? and Ca» on days 
when Cy? was estimated was 0.40 MJ m"^ K"' at the bean site on July 3. Developing and 
applying soil specific calibrations for the Theta Probe might have led to improved agreement 
between CTP and CHP, especially for the clay soil at the bare soil site. 
The direct comparison of these three methods shows that the two methods for 
estimating soil heat capacity (i.e. soil sampling and Theta Probe) lead to values that are 
similar to the heat capacity values measured by the heat pulse sensors. On average the three 
methods agreed to within ±0.15 MJ m"^ K"\ 
CONCLUSION 
Measurements at three Geld sites revealed that near-surface soil heat capacity can 
exhibit significant temporal and spatial variability. Studies of surface energy balance or soil 
thermal regimes should incorporate methods for measuring C that adequately account for that 
temporal and spatial variability. The data from field experiments at three sites show that soil 
sampling, Theta-Probe, and heat pulse sensors can all be utilized to determine C with 
comparable accuracy. 
This result leads to the conclusion that the most appropriate method for determining 
C depends on the specific purposes and constraints of the experiment. The automated heat 
pulse approach for measuring C should be utilized if the study calls for long term monitoring, 
if frequent site visits are not feasible, if temporal variations with a time scale of hours rather 
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than days are important, or if repeated measures at specific points in the soil are needed. 
Both the duration of the study and the desired measurement frequency should be weighed 
against the initial costs of constructing, calibrating, and installing the heat pulse system. The 
non-destructive but non-automated Theta Probe approach is a reasonable alternative if 
frequent site visits are acceptable and may be improved if a valid calibration for the soil at 
the site is available. The Theta Probe provided reliable estimates of soil water content and 
thus C with much less labor cost than repeated soil sampling. The Theta Probe is suitable for 
use in studies where significant errors in C estimates that persist for a few days (i.e. the 
sampling interval) are acceptable. The destructive soil sampling approach is the best option 
for short term projects where frequent soil sampling is not prohibitively expensive or difficult 
or disruptive to the site. For the sites in this study, daily soil sampling would have been 
necessary to realistically describe the temporal variation in C. 
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Table 1. Particle-size distribution, organic matter content, and bulk density for the soils from 
the three Seld sites. 
Texture Organic matter 
Site Sand Silt Clay content Bulk density 
- % g kg"' Mgnr* 
Bare soil 32 25 43 65 1.13 
Soybean 54 21 25 31 1.26 
Com 45 23 32 54 1.14 
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Fig. 1. Heat capacity measured by the heat pulse sensors (Cm?) and daily rainfall totals for 
the three sites. 
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Fig. 2. Heat capacity estimated by soil sampling (Css) and daily rainfall totals for the three 
sites. Points represent soil sampling data. Horizontal lines represent constant Css values 
until next soil sample collection. 
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Fig. 3. Heat capacity estimated from Theta Probe measurements (CTP) and daily rainfall 
totals for the three sites. Points represent Theta Probe measurement data. Horizontal lines 
represent constant Cy? values until next soil sample collection. 
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Fig. 4. Heat capacity measured by heat pulse sensors (C#p), estimated by soil sampling (Cas), 
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three sites. 
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Fig. 5. Contour maps of heat capacity as determined by soil sampling (a), Theta probe (b), 
and heat pulse sensors (c) on July 24,2002 at the com site. 
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Fig. 6. Heat capacity estimated from soil sampling data (C&s) versus heat capacity measured 
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Fig. 7. Heat capacity estimated from Theta Probe measurements (C%p) versus heat capacity 
measured using the heat pulse sensors (C#p). 
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CHAPTER 6. GENERAL CONCLUSION 
The purpose of this dissertation was to develop and evaluate heat pulse techniques for 
nondestructive measurement of soil properties and processes. Three distinct applications of 
heat pulse sensors for measuring soil properties and processes were evaluated. 
Measuring soil water flux 
A new mathematical analysis of heat pulse signals for soil water flux determination 
was completed. This new analysis revealed that a simple linear relationship exists between 
soil water flux and the natural logarithm of the ratio of the temperature increase downstream 
from a line heat source to the temperature increase upstream from a line heat source. Not 
only does this new analysis provide the first simple way of calculating soil water flux from 
heat pulse data, but it highlights the fundamental relationships between the variables in the 
heat transfer problem. 
Following the new mathematical analysis, a set of laboratory experiments were 
conducted to compare the new temperature increase ratio approach to the previous 
temperature increase difference approach and to evaluate the heat pulse sensor performance 
over a wider range of fluxes than previously tested. The results of these experiments showed 
that the temperature increase ratio approach and the temperature increase difference approach 
led to similar estimates of the water flux. However, the temperature increase ratio approach 
led to more precise estimates of the water flux, and the calculation procedure was much 
simpler. These findings lead to the conclusion that the temperature increase ratio approach 
should be adopted instead of the temperature increase difference approach. 
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The results of the laboratory experiments showed that the standard theory over-
predicted the sensitivity of the heat pulse sensor to the water flow. That over-prediction was 
smallest for the sand, intermediate for the silt loam, and largest for the sandy loam. These 
over-predictions are consistent with the data collected by previous researchers. The over-
prediction was eliminated by multiplying the convective heat transfer coefficient in the 
theory by a correction factor less than one. This is a fundamental advance in understanding 
the behavior of the heat pulse sensors, as some pre vious researchers have suggested that the 
over-prediction could be eliminated by multiplying the conductive heat transfer coefficient 
by a correction factor greater than one. These findings lead to the conclusion that a soil-
specific flux-independent correction factor can be identified that leads to excellent agreement 
between estimated and true soil water flux. 
Measuring soil water content 
Field experiments were conducted to provide an in situ comparison of soil water 
content determined by the heat pulse approach and soil water content determined from soil 
sampling. The uncorrected heat pulse water content estimates showed significantly greater 
variability than the soil sampling estimates and showed higher mean values than the soil 
sampling estimates. We introduced a matching point correction procedure that reduced the 
variability between heat pulse water content estimates and brought the mean values for the 
heat pulse estimates closer to the mean values for the soil sampling estimates. A strong 
linear relationship existed between the heat pulse estimates of soil water content and the soil 
sampling estimates. These findings lead to the conclusion that the heat pulse approach can 
be an effective method for monitoring soil water content in the field. 
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Measuring near-surface soil volumetric heat capacity 
Field experiments were conducted to provide the first reported direct comparison of 
the heat pulse approach for determining volumetric heat capacity with other accepted 
methods. The data show that soil sampling, Theta-Probe, and heat pulse sensors can all be 
utilized to determine soil heat capacity with comparable accuracy. This result leads to the 
conclusion that the most appropriate method for determining volumetric heat capacity 
depends on the specific purposes and constraints of the experiment. The automated heat 
pulse approach for determining soil volumetric heat capacity should be utilized if the study 
calls for long term monitoring, if the site is remote or frequent site visits are not feasible, if 
temporal variations with a time scale of hours rather than days are important, or if repeated 
measures at specific points in the soil are needed. The non-destructive but non-automated 
Theta Probe approach is a reasonable alternative if frequent site visits are acceptable and may 
be improved if a valid calibration for the soil at the site is available. The destructive soil 
sampling approach is the best option for short term projects where frequent soil sampling is 
not prohibitively expensive or difficult or disruptive to the site. 
Overall conclusions 
Heal pulse estimates of soil water flux, soil water content, and soil volumetric heat 
capacity were found to be linearly related to independent estimates. This linearity facilitates 
the development of calibration procedures. For the applications studied here a two step 
calibration procedure appears to be adequate. That procedure consists of a pre-installation 
calibration of the effective probe spacing followed by a single point in-situ calibration using 
an independent measurement of the parameter of interest. The results of this research 
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indicate that heat pulse sensors are versatile tools for scientists to use in obtaining accurate 
measurements of important soil properties and processes. 
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Chapter 3: Data for sand 
Max 
Rep Day Time Power vru MDTD Time of MDTD EstV Est flux 45 s T/r, In (T/Tu) Est flux 
(hhmm) (W m'1) (K) (s) (m s'1) (cm hr'1) (cm hr1) 
1 91 1020 55.609 0.0277 0.015 25 -1.34E-06 -0.324 1.020 0.0196 0.614 
2 91 1050 55.697 0.0277 0.015 20 •3.86E-06 -0.934 1.020 0.0202 0.632 
3 91 1120 55.741 0.0288 0.015 26 -7.75E-07 -0.187 1.019 0.0184 0.576 
4 91 1150 55.764 0.0244 0.013 24 -2.34E-06 -0.565 1.020 0.0197 0.616 
100 
100 
100 100 
1208 
1220 
1232 
12 44 
1303 
1315 
100 1327 
100 1339 
100 100 
55.401 
55.490 
55.584 
55,590 
55.569 
55.582 
55.575 
55.601 
0.5551 
0.5377 
0.5384 
0.5363 
0.7518 
0.7140 
0.7226 
0.7236 
0.293 
0.284 
0.283 
0.282 
0.396 
0.376 
0.381 
0.381 
23 
22 
23 
22 
23 
21 
23 
23 
8.48E-05 
8.10E-05 
8.17E-05 
8.06E-05 
1.19E-04 
1.11E-04 
1.14E-04 
1.14E-04 
20.517 
19.603 
19,760 
19.501 
28.743 
26.880 
27.485 
27.509 
Outflow flux 
(cm hr1) 
0.19 
0.19 
0.19 
0.19 
1 91 1235 55.794 0.0300 0.016 25 -9.98E-07 -0.241 1.027 0.0269 0.842 0.35 
2 91 1305 55.794 0.0314 0.016 22 -2.18E-06 -0.527 1.032 0.0317 0.993 0.35 
3 91 1335 55.790 0.0333 0.017 23 -1.39E-06 -0.337 1.027 0.0265 0.829 0.35 
4 91 1405 55.798 0.0291 0.015 27 -3.60E-07 -0.087 1.027 0.0266 0.833 0.35 
1 91 1515 55.784 0.0412 0.022 19 -2.12E-06 -0.513 1.035 0.0345 1.081 0.86 
2 91 1545 55.775 0.0402 0.021 26 1.12E-06 0.270 1.037 0.0359 1.125 0.86 
3 91 1615 55.810 0.0436 0.023 29 2.88E-06 0.698 1.040 0.0396 1.240 0.86 
4 91 1645 55.783 0.0434 0.023 22 -2.45E-07 -0.059 1.044 0.0428 1.339 0.86 
1 92 947 55.762 0.0534 0.028 26 3.29E-06 0,797 1.059 0.0577 . 1.806 1.68 
2 92 1017 55.772 0.0554 0.029 29 4.94E-06 1.194 1.061 0.0593 1.857 1.68 
3 92 1047 55.654 0.0545 0.029 22 1.57E-06 0.379 1.060 0.0579 1.814 1.68 
4 92 1117 55.718 0.0576 0.030 27 4.47E-06 1.082 1.060 0.0586 1.833 1.68 
1 92 1405 55.679 0.0743 0.039 25 6.29E-06 1.522 1.087 0.0835 2.614 2.63 
2 92 1435 55.700 0.0767 0.040 27 7.67E-06 1.856 1.088 0.0845 2.646 2.63 
3 92 1505 55.655 0,0755 0.040 27 7.48E-06 1.810 1.091 0.0874 2.737 2.63 
4 92 1535 55.628 0.0711 0.037 21 3.75E-06 0.908 1.085 0.0818 2.562 2.63 
1 93 908 55.559 0.1255 0.066 21 1.26E-05 3.058 1157 0.1461 4.575 5.25 
2 93 939 55.696 0.1332 0.070 21 1.39E-05 3.351 1.171 0.1577 4.938 5.25 
3 93 1009 55.712 0.1232 0.065 28 1.61E-05 3.900 1.159 0.1474 4.614 5.25 
4 93 1039 55.689 0.1252 0.066 20 1.23E-05 2.974 1.161 0.1493 4.675 5.25 
1 93 1348 55.655 0.2164 0.114 24 2.89E-05 6.997 1.304 0.2652 8.301 9.61 
2 93 1418 55.598 0.2186 0.115 24 2.93E-05 7.094 1.301 0.2630 8.235 9.61 
3 93 1448 55.667 0.2141 0.113 22 2.74E-05 6.620 1.301 0.2632 8.239 9.61 
4 93 1518 55.702 0.2064 0.108 25 2.80E-05 6.772 1.287 0.2522 7.895 9.61 
1 93 1624 55.586 0.0190 0.010 21 -4.73E-06 -1.144 1.016 0.0159 0.496 0.00 
2 93 1654 55.613 0.0244 0.013 22 -3.32E-0S -0.802 1.015 0.0144 0.451 0.00 
3 93 1724 55.615 0.0244 0.013 21 -3.86E-06 -0.934 1.013 0.0127 0.398 0.00 
4 93 1754 55.680 0.0199 0.010 23 -3.51E-06 -0.850 1.013 0.0129 0.405 0.00 
1 100 955 55.669 0.3742 0.197 24 5.49E-05 13.288 1.608 0.4748 14.864 17.67 
2 100 1025 55.616 0.3623 0.191 23 5.22E-05 12.620 1.551 0.4391 13.748 17.67 
3 100 1055 55.619 0.3688 0.194 24 5.41 E-05 13.087 1.597 0.4683 14.661 17.67 
4 100 1125 55.622 0.3687 0.194 22 5.27E-05 12.746 1.567 0.4492 14.063 17.67 
2.060 0.7229 22.632 27.02 
1.971 0.6785 21.242 27.02 
1.976 0,6810 21.321 27.02 
1.966 0.6759 21.159 27.02 
2.609 0.9590 30.024 37.24 
2.448 0.8954 28.033 37.24 
2.486 0.9106 28.506 37.24 
2.475 0.9063 28.373 37.24 
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Chapter 3: Data for sandy loam 
Max 
'robe Rep Day Time Power Td-Tu MDTD Time of MDTD EstV Est flux 45sTd/T„ In (T/ru) Est flux Outflow f 
(hhmm) (Wm-1) (K) (s) (m s*1) (cm hr'1) (cm hr"1) (cm hr' 
1 2 91 1023 55.398 0.0277 0.012 32 3.43E-Û7 0.088 1.019 0.0188 0.480 0.28 
2 2 91 1053 55.453 0.0310 0.013 30 3.73E-07 0.096 1020 S4200 0.511 0.28 
3 2 91 1123 55.519 0.0309 0.013 28 -9.91E-08 -0.025 1.017 0.0172 0.439 0.28 
4 2 91 1153 55.554 0.0296 0.012 26 -7.36E-07 -0.189 1.014 0.0135 0.344 0.28 
1 2 91 1238 55.568 0.0255 0.011 27 -1.01E-06 -0.260 1017 0.0168 0.428 0,40 
2 2 91 1308 55.542 0.0345 0.014 27 1.01E-07 0.026 1028 0.0272 0.692 0.40 
3 2 91 1338 55.590 0.0291 0.012 32 4.97E-07 0.128 1.019 0.0187 0.477 0.40 
4 2 91 1408 55.571 0.0288 0.012 33 6.50E-07 0.167 1020 0.0197 0.502 0.40 
1 2 91 1518 55.578 0.0332 0.014 26 -3.28E-07 -0.084 1.020 0.0197 0.503 0.90 
2 2 91 1548 55.548 0.0332 0.014 27 -7.48E-08 -0.019 1,023 0.0226 0.576 0.90 
3 2 91 1618 55.615 0.0286 0.012 29 -1.70E-07 -0.044 1.020 0.0200 0.511 0.90 
4 2 91 1648 55.553 0.0276 0.011 24 -1.55E-06 -0.397 1.018 0.0175 0.446 0.00 
1 2 92 950 55.557 0.0389 0.016 26 3.71E-07 0.095 1.036 0.0353 0,900 1.59 
2 2 92 1020 55.517 0.0357 0.015 25 -2.75E-07 -0.071 1032 0.0314 0.800 1.59 
3 2 92 1050 55.454 0.0454 0.019 26 1.16E-06 0.297 1.030 0.0298 0.758 1.59 
4 2 92 1120 55.532 0.0335 0.014 35 1.64E-06 0.421 1.032 0.0319 0.812 159 
1 2 92 1408 55.462 0.0443 0.018 31 2.25E-06 0.578 1.043 0.0417 1.064 2.48 
2 2 92 1438 55.499 0,0499 0.021 24 1.17E-06 0.301 1042 0.0413 1.052 2.48 
3 2 92 1508 55.434 0.0454 0,019 24 6.45E-07 0.166 1041 0.0405 1033 2.48 
4 2 92 1538 55.382 0.0477 0.020 28 1.96E-06 0,504 1.041 0.0398 1.015 2.48 
1 2 93 911 55.364 0.0634 0.026 28 3.91E-06 1.004 1.064 0.0618 1.575 4.73 
2 2 93 942 55.438 0.0610 0.025 28 3.58E-06 0.921 1.067 0.0644 1.641 4.73 
3 2 93 1012 55.530 0.0576 0.024 28 3.17E-06 0.814 1.063 0.0613 1.563 4.73 
4 2 93 1042 55.470 0.0611 0.025 28 3.61 E-06 0.928 1065 0.0634 1.616 4.73 
1 2 93 1351 55.409 0.0975 0.040 33 9.59E-06 2.462 1123 0.1156 2.947 10.03 
2 2 93 1421 55.414 0.1054 0.044 26 8.45E-06 2.169 1.123 0.1161 2.958 10.03 
3 2 93 1451 55.459 0.0999 0.041 25 7.47E-06 1.919 1.125 0.1177 3.000 10.03 
4 2 93 1521 55.489 0.0998 0.041 26 7.75E-06 1,989 1.118 0.1114 2.839 10.03 
1 2 93 1627 55.397 0.0256 0.011 28 -7.47E-07 -0.192 1.017 0.0165 0.421 0.00 
2 2 93 1657 55.422 0.0322 0.013 26 -4.16E-07 -0.107 1.019 0.0188 0,478 0.00 
3 2 93 1727 55.412 0.0300 0.012 24 -1.23E-06 -0.315 1.018 0.0176 0.450 0.00 
4 2 93 1757 55.384 0.0245 0.010 26 -1.35E-06 -0.346 1.011 0.0110 0.281 0.00 
1 2 100 958 55.441 0.1555 0.065 26 1.45E-05 3.722 1.219 0.1978 5.039 19.15 
2 2 100 1028 55.358 0.1546 0.064 28 1.51E-05 3,876 1.219 0.1979 5.042 19.15 
3 2 100 1058 55.410 0.1589 0.066 28 156E-05 4.007 1.215 0.1951 4.972 19.15 
4 2 100 1128 55.400 0.1555 0.065 32 1.67E-05 4.297 1.227 0.2045 5.212 19.15 
1 2 100 1211 55.438 0.2109 0.088 29 2.24E-05 5.753 1320 0.2777 7.077 27.89 
2 2 100 1223 55.273 0.2119 0.088 27 2.18E-05 5.594 1.305 0.2665 6.790 27.89 
3 2 100 1235 55.379 0.2097 0.087 29 2.23E-05 5.730 1.314 0.2728 6.951 27.89 
4 2 100 1247 55.363 0.2119 0.038 24 2.09E-05 5.368 1312 0.2715 6.918 27.89 
1 2 100 1306 55.386 0.2720 0.113 26 2.87E-05 7,374 1426 0.3549 9.045 36.53 
2 2 100 1318 55.338 0.2576 0.107 27 2.74E-05 7.025 1410 0.3436 8.756 36.53 
3 2 100 1330 55.355 0.2617 0.109 28 2.83E-05 7.269 1.416 0.3481 8.872 36.53 
4 2 100 1342 55.371 0.2610 0.108 28 2.82E-05 7.246 1.400 0.3367 8.581 36.53 
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Chapter 3: Data for silt loam 
Max 
'robe Rep Day Time Power T/T. MDTD Time of MDTD EstV Est flux 45 s T/Tu In (T/Tu) Est flux Outflow fl 
(hhmm) (W m'1) (K) (s) (m s'1) (em hr'1) (cm hr'1) (em hr"1 
3 1 91 1026 56.766 0.2579 0.080 21 1.51E-05 3.933 1.158 0.1468 2.915 0.12 
3 2 91 1056 56.861 0.2609 0.080 20 1.63E-05 4.251 1.165 0.1523 3.023 0.12 
3 3 91 1126 56.855 0.2600 0.080 21 1.53E-05 3.985 1.165 0.1523 3.024 0.12 
3 4 91 1156 56.860 0.2641 0.081 21 1.57E-05 4.089 1.162 0.1498 2.974 0.12 
3 1 91 1241 56.831 0.2619 0.081 21 1.55E-05 4.037 1.163 0.1509 2.996 0.28 
3 2 91 1311 56.842 0.2664 0.082 21 1.59E-05 4.149 1.163 0.1510 2.999 0.28 
3 3 91 1341 56.868 0.2645 0.081 20 1.67E-05 4.350 1.163 0.1508 2.994 0.28 
3 4 91 1411 56.860 0.2663 0.082 21 1.59E-05 4.149 1.165 0.1529 3.036 0.28 
3 1 91 1521 56.874 0.2708 0.083 20 1.74E-05 4.532 1.174 0.1601 3.178 0.64 
3 2 91 1551 56.904 0.2672 0.082 19 1.85E-05 4.829 1.173 0.1599 3.175 0.64 
3 3 91 1621 56.900 0.2752 0.085 21 1.68E-05 4.381 1.182 0.1674 3.323 0.64 
3 4 91 1651 56.870 0.2586 0.080 21 1.51E-05 3.943 1.156 0.1449 2.876 0.00 
3 1 92 953 56.911 0.2806 0.086 21 1.73E-05 4.516 1.195 0.1781 3,536 1.48 
3 2 92 1023 56.744 0.2828 0.087 21 1.77E-05 4.602 1.190 0.1743 3.461 1.48 
3 3 92 1053 56.774 0.2795 0.086 21 1.73E-05 4.509 1.187 0.1715 3.405 1.48 
3 4 92 1123 56.763 0.2772 0.086 20 1.81E-05 4.722 1.188 0.1724 3.422 1.48 
3 1 92 1411 56.795 0.2884 0.089 20 1.93E-05 5.032 1.207 0.1879 3.730 2.23 
3 2 92 1441 56.791 0.2961 0.091 20 2.02E-05 5.251 1.210 0,1906 3.784 2.23 
3 3 92 1511 56,755 0.2894 0.089 21 1.83E-05 4.774 1.208 0.1889 3.751 2.23 
3 4 92 1541 56.624 0.2872 0,089 21 1.82E-05 4.733 1.206 0.1872 3.717 2.23 
3 1 93 914 56,740 0.3151 0.097 21 2.10E-05 5.462 1.260 0.2312 4.590 4.43 
3 2 93 945 56.784 0.3217 0.099 21 2.16E-05 5.624 1.254 0.2260 4.488 4.43 
3 3 93 1015 56.804 0.3030 0.093 22 1.89E-05 4.933 1.260 0.2310 4.586 4.43 
3 4 93 1045 56.757 0.3139 0.097 21 2.08E-05 5.418 1.254 0.2265 4.497 4.43 
3 1 93 1354 56.681 0.3881 0.120 23 2.66E-05 6.926 1.387 0.3275 6.502 8.98 
3 2 93 1424 56.715 0.3836 0.119 23 2.62E-05 6.816 1.379 0.3215 6.382 8.98 
3 3 93 1454 56.756 0.3902 0.121 24 2.64E-05 6.868 1.387 0.3275 6.502 8.98 
3 4 93 1524 56.759 0.3780 0.117 21 2.73E-05 7.116 1.381 0.3231 6.414 8.98 
3 1 93 1630 56.715 0.2594 0.080 20 1.63E-05 4.232 1.159 0.1472 2.923 0.00 
3 2 93 1700 56.672 0.2531 0.078 21 1.47E-05 3.824 1.151 0.1403 2.785 0.00 
3 3 93 1730 56.675 0.2548 0.079 22 1.43E-05 3.730 1.155 0.1437 2.854 0.00 
3 4 93 1800 56.677 0.2549 0.079 22 1.43E-05 3.730 1.158 0.1468 2.914 0.00 
3 1 100 1001 56.748 0.4987 0.154 24 3.63E-05 9.463 1.603 0.4721 9.372 16.10 
3 2 100 1031 56.664 0.5009 0.155 23 3.72E-05 9.697 1.600 0.4697 9.325 16.10 
3 3 100 1101 56.676 0.4963 0.153 22 3.79E-05 9.858 1.604 0.4724 9.378 16.10 
3 4 100 1131 56.673 0.4964 0.154 24 3.62E-05 9.426 1.605 0.4730 9.390 16.10 
